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The Epidemiology of the Pediatric War
Injuries

Ismail Soboh and Ghassan Soleiman Abu-Sittah

1.1 Introduction

“Every war is a war against children,” said Eglantynne Jebb over 100 years ago [1].
According to the “Save the Children” reports, more than 357 million children live
in conflict zones and are at risk of grave violations [1].

It is significantly important to know that children injured in a war setting need
special treatment considerations that differ from adults. Even trained medical staff
such as surgeons, nurses, and therapists may lack the expertise and training they
need to treat injured children in conflict zones [1]. Such experts are supposed to
make complex decisions in the terrible situations of war, like whether to amputate a
child’s leg or how best to help a child with a life-changing injury reintegrate back
into society [1].

This book was written to address the necessity of having a backbone for the treat-
ment and management of pediatric war injuries especially due to the very little
information available in this regard. In fact, pediatric war injuries require specific
considerations of early and late management that are way different from adults.

Readers of this manual are going to be mainly surgeons who are not really
exposed to the practice of pediatric war injuries and its literature. Even general
pediatricians can benefit from the information provided. This chapter on the epide-
miology of pediatric war wounds introduces a specific approach to the factors influ-
encing war injured child treatments and outcomes.

I. Soboh
Division of Plastic Surgery, Department of Surgery, American University of Beirut Medical
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1.2  Public Health Consequences of Armed Conflict
on Children

More than 1 in every 6 children is affected by armed conflicts globally in 2016 [2].
This number has increased by 30 million to reach 420 million in 2017 [3]. Children
living in conflict zones are subjected to several forms of not only physical injuries
but also physiological and mental health problems. During the past several decades,
health facilities, health workers, and schools have become direct targets, increasing
the impact of war on children [4]. The pediatric population that is affected whether
directly or indirectly from war conflicts suffers from mild to severe effects that
might persist throughout the life course.

The direct effects of war on children range from physical injury, medical illness,
and psychological trauma to death [3]. In addition, a complex set of political, eco-
nomic, environmental, and social factors have an indirect impact on child health in
areas of combat [4]. Therefore, it is extremely challenging for the medical and pub-
lic health systems to function normally after the destruction of their infrastructure,
limiting both the access and the quality of care provided.

1.2.1 Geographical Spread of Children Living in Conflict Zones

During the period 1946-2016, there were 280 distinct armed conflicts around the
world [5]. Of these conflicts, 165 took place in the last 30 years [4]. Although there
is a lack of data regarding child health in most of the past conflicts, the number of
children living in conflict zones has increased drastically. It has increased by 75
percent from the early 1990s when it was about 200 million to reach around 357
million in 2016 and 420 million in 2017 according to “Save the Children” reports
[1, 3] (Fig. 1.1).

1995: 200

400 Million children | 2016:1:'3.57
i i million

350 in conflict areas ™) aidren
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150 66 countries in conflict 52

100 | clountrles
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Fig. 1.1 The Chart shows the number of children living in conflict zones and the number of coun-
tries in conflict between 1990 and 2016 [1]. Source: War on Children
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Fig. 1.2 Map showing the 10 worst conflict-affected countries for children to live in. Source: Stop
the war on Children

According to the UN’s provided Data and PRIO’s Research, the “Save the chil-
dren” institute identified the 10 worst conflict-affected countries for children in their
report referring to several indicators such as conflict intensity, number of grave
violations, prevalence of children living in conflict zones, etc. [3]. The worst 10
countries can be identified in Fig. 1.2.

1.2.2 Historical Overview

It is commonly known that war conflict leads to a greater percentage of civilian vic-
tims rather than military and that children have a big share in this. In all main combats
over the last 100 years, with some exceptions, civilians have become a direct target
and accounted for around two-thirds of the casualties [6]. Therefore, the heavy burden
on the public health of children in contemporary conflicts is not new and children had,
throughout history, paid the cost of wars that others start and end. Indeed, in certain
conflicts, the destabilization of political, social, and economic infrastructures, the
destruction of cultural institutions, and the psychological terrorizing of civilians, espe-
cially children, have led to 2—15 times more civilian deaths than direct injuries [6].

1.2.3 The Public Health Effects of Social Disruption

One of the most dangerous effects of war conflicts is social disruption. This includes
the displacement of the population whether internally or externally from their home-
land, the breakdown of nutrition and Sanitary conditions, pauperization, polluted
drinking water, and the disruption of the whole medical system [6]. Nevertheless,
there is no doubt regarding the tremendous effects—whether direct or indirect—of
political violence on health services and the health system in general (Table 1.1).
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Table 1.1 Effects of political violence on health and health systems [7]

Direct effects Indirect effects

Death Reduced food distribution and production

Disability Economic pressures and disruption

Injury Environmental disruption

Destruction of health system Internal displacement and refugees

Disruption of the health programs Family disruption

Psychological stress Impact on housing, water supply, and sewage
disposal

Source: Toward an epidemiology of political violence in the third world

Thousands of children have been dying all over the globe because of violence at
war every year [8]. They become direct targets whether citizens or recruited worri-
ers on the battlefield or die for ethnic reasons [8]. Preventable diseases are epidemic
during the war due to the lack of proper vaccination in addition to a significant
increase in infant mortality when compared to peacetime or in comparison with
peaceful parts of the same country [4]. Furthermore, children in conflict zones suf-
fer from various types of injuries and mutilation. There is a wide range of injuries
affecting all organs of the body and they are broadly classified as crush injuries,
blunt trauma, penetrating injuries, and burns [4]. They are all attributed to gunshots,
explosions, Motor Vehicle Accidents (MVAs), buildings destruction, and shelling
[4]. The most important heritage of war is the fact that children are mainly affected
by landmines. Mine explosions have a higher incidence of injury and a greater mor-
tality rate among children than adults leading to foot and lower limb injuries, genital
injuries, blindness, and deafness [8].

Nevertheless, damage to the health system in the areas of conflict extremely
affects children’s health. They will be exposed to several types of infectious dis-
eases that are easily transmitted in camps and refugee gatherings. This is the result
of the lack of proper health facilities, lack of immunizations, contaminated water,
malnutrition, and exposure to vectors. Moreover, the adverse effects of population
displacement, destruction of social infrastructure, economic sanctions, and environ-
mental damage may compromise children’s access to basic needs such as food,
health care, and education, for decades [9]. Similarly, schools have been direct tar-
gets in any raising armed conflict, and children are being targeted in their way
whether to or back from school. What is worst is the fact that schools in many con-
flicts are being used as shields and bases for combatants or governments in the
recruitment of children into war [9]. Therefore, children living in areas of conflict
suffer from various terrible consequences—direct or indirect—on public health as
the result of social disruption ranging from injury and malnutrition to death.

1.2.4 The Burden of War Wounded Children

Pediatric war injuries have been always a major cause of morbidity, mortality, and
disability all over the globe; especially in Low and Middle-Income Countries
(LMICs) [10]. These injuries are a growing global concern, which falls
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disproportionately on developing countries where the public health system and the
health facilities are initially not well prepared [11]. That is also because the conse-
quences of injury do not fall only on the injured child but also place a substantial
burden on family members, institutions, and society in general provoking poverty
and social disability. According to the World Health Organization (WHO), around
15% of the burden of diseases worldwide in the 1990s was due to war injuries [12].

1.2.5 Six Grave Violations

Since the official council of the Special Representative for Children and Armed
Conflicts was established in 1996, the United Nations (UN) general assembly has
been trying to promote data gathering in terms of children, who are the victims of
armed conflicts, in order to raise awareness globally and ensure international coop-
eration to strengthen protection of these children [13]. As a result, a Monitoring and
Reporting Mechanism (MRM) was created to track grave violations against chil-
dren in 2005 by UN Security Council [3]. These criteria serve as the basis to report
and gather information on violations affecting children all over the globe [13].
Killing and maiming are one of these violations that are being practiced against
children in conflict zones. According to the “save the children” report, around
73,000 children have been killed or maimed across 25 conflicts between 2005 and
2016 [1] (Fig. 1.3). In some reports of Children and Armed Conflicts (CAAC), it
was stated that children are being directly targeted in order to create maximum
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68% in Somalia
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Fig. 1.3 Killing and maiming of children. Source: War on children
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emotional damage or to get rid of the next generations of certain ethnic or religious
groups [14].

Recruitment of children into conflicts is also one of the major grave violations
breaching children’s rights. Around 49,650 verified cases of both sexes were
recruited by armed forces between 2005 and 2016, according to the UN CAAC
annual report [1]. Being used or recruited by combatants in armed groups may leave
behind a significant negative life-long impact on the recruited or used children, for
those who survived the experience [1]. The traumatic aspect of the brutality they
have witnessed and experienced can have tremendous psychological effects that
will accompany them into adulthood [1].

Nevertheless, sexual violence is a hugely under-reported facet of conflicts and
outside the conflicts too [1]. The Sexual Violence in Armed Conflict (SVAC) data-
base, which includes “sexual slavery, forced prostitution, rape, forced pregnancy,
forced sterilization/abortion, sexual mutilation, and sexual torture shows that glob-
ally 35% of conflicts involved some sort of sexual violence against children between
1998 and 2009” [1]. Moreover, Children can also be abducted or seized during
conflicts which can take many forms ranging from conscription to kidnapping.
Other Violations include attacks on hospitals and schools along with humanitar-
ian access denial which is also considered of major importance in reflecting the
present and future of children in conflict.

1.3  Global Epidemiology of War Injured Children

Children are resilient and they represent a high-risk population for injuries world-
wide. One of the major direct ramifications of wars and combats on children is
being—whether intentionally or unintentionally—targeted and injured. Injuries in
this case can take several forms and each requires special considerations regarding
the treatment options. However, these injuries fluctuate between blunt injuries,
which the child might face in a collapsed building, for example, to penetrating
wounds, landmine injuries, and explosive blast injuries.

1.3.1 Blunt Injuries and Penetrating GSWs

Blunt trauma represents a separate category of injury that has several characteristics
that overlap with blast injury [15]. This is because sometimes, and due to blast
explosion, the victims might be thrown over hard solid objects or be under the threat
of a collapsed building resulting in blunt injury.

Penetrating wounds of pediatric populations mainly due to gunshot wounds
(GSWs), in war settings, are under-reported in most of the studies done. This is
because GSWs in the pediatric population occur mainly in high-income countries
and places where weapons are easily accessible as per law. In the USA, for example,
guns are ubiquitous and it is estimated that over 90 million firearms are present in
civilian homes [16]. That is why firearm-related deaths are the third leading cause
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of death among US children aged 1-17 years and it is the second leading cause of
death-related injuries after car crashes [17]. Although relatively rare compared to
adolescents and adults, deaths occurring in young children represent a particularly
tragic subcategory of firearms-related fatalities [18]. Nearly 33,636 firearm-related
deaths were reported in the USA in 2013 [18]. According to the NVSS and NEISS*,
1300 children died and 5790 were injured and treated in the USA each year as a
result of firearm-related injury [19]. Fifty-three percent of those who died were
homicides, 38% were suicides, and 6% were unintentional firearm deaths; the
remaining 3% were due to legal intervention and deaths of undetermined intent [19].

1.3.2 Blast and Landmine Injuries

Although explosions might be the result of civilian actions such as industrial acci-
dents or fireworks, most of them globally stem from terror or conflict-related attacks
[20]. More than 90% of death-related injuries occur in LMICs, where these coun-
tries are under-resourced in terms of treatment and prevention [21]. It is worth men-
tioning that the pathophysiology of blast injuries differs significantly from other
forms of injuries and traumas resulting in a multiple and scattered numbers of dis-
tinctly patterned injuries [22]. That is why, blast and landmine injuries resulted in
three-quarters of all child casualties in the five deadliest conflicts (Afghanistan,
Yemen, Syria, Nigeria, and Iraq) for children in 2017, according to the Save the
Children analysis of the UN data [23] (Table 1.2). It is estimated that 7364 children
were killed or maimed in conflicts in 2017 through which 5322 were linked to blast
explosions [23]. Nevertheless, the unexploded ordnance along with landmines inju-
ries constitutes a major risk for injury to children living in conflict areas. A review
of surveillance data done between 1997 and 2002 in Afghanistan showed that 6114
injuries were due to unexploded ordnance and landmines, in which 54% of those
injured were children under the age of 18 years [24]. It also indicated that children
who were mostly affected by unexploded ordnance were playing or tampering with
these explosives because of its higher visibility, whereas the adults sustained their

Table 1.2 The number of total child casualties and those linked to blasts in the five deadliest
conflicts for children in 2017 [23]

Country Total child casualties (2017) SRRl L T2/ D B

n (%) (2017)
Afghanistan 3,179 (251 girls) 2,216 (70%)
Yemen 1,316 (369 girls) 814 (62%)
Syria 1,271 1,058 (83%)
Nigeria 881 672 (76%)
Iraq 717 (227 girls) 562 (78%)
Total 7,364 5,322 (72%)

Source: SAVE THE CHILDREN (BLAST INJURIES)
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injuries mainly while traveling or performing activities of economic necessity by
landmines [24, 25]. This was also confirmed by another surveillance study, done in
the same country between 2002 and 2006, showing that 92% of the victims were
civilians through which children less than 18 years constitute 47% [25]. A higher
percentage of children sustained upper limb amputation as compared to adults,
whereas more adults sustained lower limb amputations when compared to children
[25]. Among Children, the study showed that 65% of the injuries were related to
unexploded ordnance whereas 56% of adults’ injuries were related to landmines
[25]. Therefore, any area contaminated with unexploded ordnance should be cleared
in order to decrease the incidence of injured children in areas of conflict. This should
also be associated with risk awareness training campaigns and programs for chil-
dren addressing the danger of unexploded ordnance and the risky behavior by chil-
dren such as tampering in these special circumstances [25].

Explosive charges can be divided into High-order explosives (HE) and low-order
explosives which will lead to either primary, secondary, tertiary, and/or quaternary
blast injuries [26] (Refer to Chap. 2).

Nearly 83% of children and only 12% of the combatants of the people killed in
Syria’s conflict were killed by blasts (Table 1.2) [23]. Indeed, children killed by
blast injuries are 7 times more likely to be the victims of blast injuries than combat-
ants involved in the fighting. Similarly in Afghanistan, approximately a third of all
casualties in 2017 were children (Table 1.2) [23]. According to the Action on Armed
Violence (AOAV), around 42,000 deaths and injuries in 2017 resulted from explo-
sive violence, which is 38% more than the year before [27]. The continuous use of
explosive blasts in areas inhabited by civilians will result in a greater number of
child casualties when compared to adults and combatants living in the same con-
flict zone.

1.4 Anatomic Distribution

The epidemiological study of the anatomic distribution of war-related pediatric
injuries facilitates the proper identification of the etiology related to the injury and
the expectations of the treatment plans and outcomes.

Approximately 70% of pediatric blast injury patients have multiple body regions
affected, with burns and penetrating injuries to the extremities present in around
70-80% of the injured pediatric population, according to the pediatric blast injury
review [28]. Penetrating injuries to the head, neck, upper limb, and trunk affect over
80% of the children injured by blast explosions when compared to adults in which
31% were affected [28].

Children are subjected to an extremely high-energy burden following exposure
to a blast, which is measured through a widely used consensus called Injury Severity
Score (ISS) [20]. However, the ideal scoring system for injury is still unknown [29].
According to a literature review done on the Impact of Blast Injuries on Children,
20-36% of children experience severe injury with an ISS score of more than 15,
while 8-16% are critically injured with an ISS of more than 25 [20]. This can also
be classified according to the age group affected by the injuries. Children older than
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9 years have been shown to have a greater ISS score with a greater number of surgi-
cal interventions needed following blast injuries [20].

1.4.1 Thermal Injuries

Thermal burns are relatively common injuries following blast exposure in the pedi-
atric population, with a prevalence of around 60—70% regardless of the age group of
the child [30]. They result in multi-systemic insults affecting not only the dermis,
but the pulmonary, cardiovascular, inflammatory, and metabolic systems [31]. The
severity of the burn has been used as a prognostic factor to expect the mortality of
the injured child, with severe burns exceeding 30% of the total body surface area
(TBSA) in children under 15 years old being the major cause of death [30]. When
compared to adults, for example, a burn to the face and scalp constitutes only 9% of
the TBSA through which no fluid resuscitation is needed in this case, whereas the
same injury in a pediatric patient represents 19% of the TBSA and necessitates IV
fluid management [32]. It is also worth mentioning that children less than 2 years of
age have a relatively smaller subcutaneous layer and skin thickness when compared
to younger children or adults [20]. Thus, clinical assessment according to burn
depth in such cases is not accurate as thermal burns in such cases result in greater
protein, fluid, and heat loss at a lower energy level [33]. Through impairment of
wound healing, increased risk of infection, and nutritional deficiencies associated
with burn injuries, pediatric victims are at increased risk of hospitalization, mortal-
ity, and morbidity long after the initial insult [34]. Therefore, a thorough examina-
tion and specific considerations should be taken in terms of management and
rehabilitation for children who suffered from thermal injuries due to blast explosions.

1.4.2 Head and Spinal Injuries

The prevalence of pediatric head injuries following blast varies significantly
between 15 and 60% [30, 35]. Studies have shown that the younger the child is, the
more he is at risk of having a head injury. Victims under 7 years of age are almost
twice as likely to present with head injuries when compared to older children [30].
For patients under the age of 3 years, neurosurgical decompression is the most com-
mon surgical intervention done overall following a blast [36]. This is mainly due to
anatomical immaturity in skull compositions because of the incomplete ossification
along with the thin structure it constitutes [37]. Thus, blast-induced traumatic brain
injuries (bTBI) are more common in victims under the age of 10 years when com-
pared to adolescents and adults [35]. It has also been shown that head and cervical
spine injury was the second most common cause of mortality in pediatrics post-blast
exposure regardless of age [30].

Spinal injury in pediatrics represents a much lower percentage than head injury
following a blast (1-3%) [38, 39]. This type of injury is mostly associated with a
concurrent head injury [30]. Cervical spine injuries characterize 60-80% of total
pediatric injuries, as compared to adults (15-45%) [40, 41].
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1.4.3 Torso Injuries

Chest and abdominal Trauma is common following blast injuries, with incidence
fluctuating between 32-50% and a peak in the 5-10 years age group of children [35,
39]. Primary Blast lung injury (PBLI) is the most common fatal injury following
exposure to overpressure waves [31]. However, pediatric-specific data on PBLI is
lacking with documented incidents coming only from case series or reports [42, 43].
Furthermore, injuries to the abdomen following blast explosions can be life-
threatening resulting in severe hemorrhage, mucosal layer separation, and infarction
[44]. Vascular injuries following penetrating trauma in pediatric blast victims result
in significant morbidity and mortality (4%) when compared to injuries in civilian
trauma (0.3%) [45]. Approximately 71% of children undergoing vascular penetrat-
ing injuries post-blast die during surgery [45].

1.4.4 Extremity Injuries

Extremity injuries in children have been shown to be age dependent. Around 11%
of infants and 20% of children less than 7 years of age experience extremity injuries
as compared to 50% of older children [46]. Younger children also are subjected
more to upper limb injuries whereas adolescents suffer more from lower limb inju-
ries [28]. The incidence of long bone fractures is around 45% in blast pediatric
victims, and it is more commonly present in the upper limbs [47]. Traumatic ampu-
tations following blasts in pediatrics range from 11 to 31% and they occur mostly in
the lower limbs [36].

1.4.5 Ophthalmologic and Otology Injuries

Despite its small surface area, the eye is sensitive to injury following blast explo-
sions with an incidence of greater than 60% of victims performing mine clearance
operations [38]. It is important to know more about pediatric eye injuries during
conflict because of the significant impact that vision loss would have on the child
over the long term.

One of the major primary blast injuries persisting for a long period after the ini-
tial insult is hearing loss [48]. Children suffering from hearing impairment are going
to suffer from social and academic underachievement along with a negative impact
on their future employment and psychological well-being.

1.5  Conclusion
1.5.1 Lessons to Be Gained from the Study of Epidemiology

As a result of this brief Overview of the epidemiology of pediatric war injuries,
several conclusions can be drawn out.
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. For the pediatric population living in conflict zones, the impact of war on public

health is considered more dangerous than the effect of trauma resulting from
direct targeting. However, the destruction of the health system, malnutrition, and
social and environmental disruption all carry a huge burden in terms of increased
prevalence of mortality and morbidity along war injured children.

. Children living in conflict zones are subjected to killing or maiming, sexual vio-

lence, recruitment for war, abduction, and seizing. Their schools and even hospi-
tals might be directly targeted by the combatants. These all are considered as
GRAVE VIOLATIONS that serve as the basis for information gathering and
reporting.

. GSWs, especially in high-income countries, are nowadays ubiquitous and pres-

ent in many civilian homes. Firearm-related deaths, in the USA, for example, are
one of the leading causes of death among children aged 1-17 years.

. Most of the explosions worldwide are either conflict-related or due to terror

attacks. Blast and landmine injuries constitute more than 75% of all child casual-
ties in the five deadliest conflicts for children in 2017.

. Children are mainly subjected to upper limb injuries while tampering or playing

with unexploded ordnance which necessitates educational campaigns to decrease
the incidence of child casualties in conflict areas.

Around 70% of pediatric blast injury patients have multiple body regions
affected, with burns and penetrating injuries to the extremities presenting in
around 70-80% of the injured pediatric population.

. Thermal burns are relatively common injuries following blast exposure in the

pediatric population. They result in multisystemic insults affecting not only the
dermis but also the pulmonary, cardiovascular, inflammatory, and metabolic
systems.

. It has been shown that head and cervical spine injury was the second most com-

mon cause of mortality in pediatrics post-blast exposure regardless of age.
Primary Blast lung injury (PBLI) is the most common fatal injury following
exposure to overpressure waves.
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Seif Emseih and Ghassan Soleiman Abu-Sittah

2.1 Introduction

Children are not spared from the horrific injuries inflicted by explosives. While
exposure can occur in civilian settings such as fireworks or industrial accidents, the
majority stem from conflict or terror-related attacks across the globe [1, 2]. Despite
increasing recognition of the complex and unique injury patterns sustained follow-
ing blast exposure in the adult population [3], the physical and psychological impact
on the pediatric population is less well understood.

For the purposes of this review, we define children as any person under the age
of 18 years (as specified by the United Nations Convention on the Rights of the
Child). The heterogeneity of this group is acknowledged, and most studies will
further subdivide this population. These classifications vary and are somewhat arbi-
trary but can be approximated by the following: infants (under 1 year old), young
children (1-8 years old), older children (9-15 years old), and adolescents
(16—18 years old).

It is essential to understand the epidemiology of blast injuries within this popula-
tion to demonstrate the effect of explosive weapons on children and the ensuing
burden on both domestic and global health systems. Furthermore, insight into the
mechanism of childhood blast insults will further efforts to prevent, mitigate, and
effectively treat these injuries [3, 4]. This chapter aims to provide an overview of the
fundamentals of blast physics and injuries and review how the injury patterns and
biomechanical features of explosive blasts may differ between pediatric and adult
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populations. This will aid in defining future research needs for protection, mitiga-
tion, acute medical treatment, and rehabilitation. This work is by definition interdis-
ciplinary and as such, covers material that relates to both the biomedical sciences
and engineering domains.

2.2 Explosive Blasts

An explosive is a material capable of producing an explosion using its own stored
energy [5]. To understand the impact of blast injury on the human body, an examina-
tion of these materials’ chemical and physical properties is necessary. The injury
potential of explosive munitions is dictated by its properties and the physical
changes the material and its surroundings undergo. Based on chemical composition
and properties, explosives are classified as high or low [6].

Low explosives undergo deflagration, which is the subsonic combustion of the
surface chemicals, comparable to a household fire [5]. This chemical phenomenon
is seen in gunpowder propellants, smokeless powder, and fireworks. However, these
materials may detonate when confined and used in conjunction with another more
powerful explosive [5]. Conversely, high explosives detonate without confinement
and are subject to a self-sustaining reaction [6] which is propagated by the high-
pressure shockwave traveling through the material. These include PETN, HMX,
RDX, and nitroglycerine. They have higher wounding potential due in part to the
powerful shock waves that can fracture bone and cause soft tissue trauma [6].
Trauma from low explosives is more commonly confined to soft tissues as these do
not produce shock waves [5].

When a high or low explosive detonates, it produces a rapid shift from potential
to kinetic energy in roughly 1/1000th of a second. This results in the release of a
significant amount of heat and gaseous products that are transmitted as a blast
(shock) wave. The shock wave propagates out from the center of the blast by the
expansion of gases generated by the reaction, with a pressure pulse a few millime-
ters thick traveling at supersonic speeds [7]. The spherical outer edge of this blast
wave yields a disruptive increase in pressure, density, and temperature, known as a
shock front, which exercises severe crushing, shattering, and shearing, as well as
partially elucidated effects on cells and various tissues, such as the brain, heart
muscle, and lungs [7]. As the superheated detonation products rapidly expand, sur-
rounding cool air is compressed (the blast wave) in front of the expanding gas vol-
ume, which contains most of the explosive’s energy. This leads to the formation of
a subatmospheric pressure phase that sucks in the air behind the blast wave. The
resulting turbulence aligns any debris into literal projectiles, whether particulate
matter from the explosive itself or matter picked up from the environment as the
wave progresses [5]. The air molecules are compressed to such a density that the
pressure wave itself (a thin layer of compressed air) acts like a solid object propa-
gating spherically in all directions from the explosion’s epicenter. This particularly
destructive layer of air is also known as the shock front and is capable of striking
soft tissues with enormous force [7].
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The variations in air pressure with time at a fixed point in space (the Friedlander
relationship) describe the physical properties of a blast wave [5, 8]. The blast shock
wave has three different physical properties that are responsible for the pathophysi-
ological effects on biological tissue. These are the amplitude of the peak pressure,
the impulse (defined as the time integral of pressure), and the duration of the posi-
tive phase overpressure. It has also been proposed that the dynamic overpressure of
the detonation products (blast wind) and thermal energy released in the explosion
contribute to blast injury.

The first event is the high positive pressure phase occurring immediately after the
blast, which is the longest portion of a shock wave and causes a rise in ambient air
pressure. It is followed by a negative (subatmospheric) pressure phase. This can be
represented graphically as an idealized curve (Fig. 2.1) representing the Friedlander
equation which is the variation in blast wave pressure with time, at a fixed point in
space (the Friedlander relationship) [5, 8]. The curve shows a rapid increase in
ambient air pressure following an explosive event over a short period of time. The
negative pressure phase is also visualized by the curve reaching a minimum point
that is below the ambient air temperature.

Accompanying the positive and negative pressure phases is the blast wind, a
mass movement of air caused by the explosion that lags behind the blast wave (a
combination of positive and negative phases of the explosion). The expansion of
gaseous byproducts of the explosion accelerates molecules of air into a high-speed
wind. This phenomenon is potentiated by a countermovement of ambient air filling
the vacuum created by the negative phase. This secondary wave is capable of pro-
pelling objects and can be as damaging as the original explosion. Once the blast
wind resolves, a return to ambient air pressure occurs. These three components
(positive and negative pressure phases followed by the blast wind), determined by
the physical properties of the explosive and the surrounding environment,

peak overpressure
e

positive phase overpressure
duration

atmospheric pressure

N

T
time

pressure

Fig. 2.1 Simplified Friedlander waveform showing pressure changes over time in a free field
explosion [5, 8]
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collectively form the basis of the injuring processes that act on the human body,
which is further explained when considering the human body’s response to these
rapid changes.

The injuries caused by explosions, whether incurred from blast waves or blast
winds, represent a variety of complex traumatic wounds. Various factors such as
proximity to the blast determine the complexity and intensity of sustained inju-
ries. The blast wave, for instance, dissipates energy inversely proportionate to the
third power of the distance from the detonation point. In CLOSE proximity, inju-
ries are caused directly by the displaced explosive material and its container,
rather than the blast wave itself, which is a more common cause of injury further
from the epicenter. Because the intensity of the blast (the peak overpressure)
decreases rapidly with distance from the detonation point, victims must be in
close proximity to sustain primary blast injuries [7]. Context is another important
consideration when analyzing trauma from blasts. Many factors need to be con-
sidered for a full skeletal assessment such as explosive type, differential survival
rates, improved protection (in combat situations), and confined vs. open
surroundings.

Blast waves occurring in enclosed spaces behave differently from their open-
space counterparts, as waves multiply when they bounce off solid objects such
as walls. This produces an erratic network of interfering waves and can intensify
the effects on biological systems, making injuries more severe. The medium
where the blast wave propagates also alters its effect. Immersion blasts, or shock
waves produced in water, create waves of higher intensity and longer duration
than atmospheric blasts. Intraabdominal injuries are prominent in such cases:
laparotomy findings include sub-serosal hemorrhage and tears in the bowel
wall [9].

In summary, shock waves have a number of properties that help explain their
effects on tissues [8]).

e They generate highly localized forces with small, but rapid distortions.
Pathophysiological effects are at the microvascular level; gross lacerations are
not typical.

e They affect organs with marked differences in physical properties (acoustic
impedance) particularly hollow gas-containing organs.

e Stress concentration: when a stress wave encounters an interface between two
media of different physical properties such as bowel wall tissues and gas-filled
lumens, a component of the compressive stress wave is reflected back at the
interface as a tension wave. Most materials are weaker under tension to compres-
sion, disruption at the interface (tissue damage) may result, and this phenomenon
can affect organs far from the site of impact. Stress waves through the thoracic
and abdominal walls are responsible for blast lung and primary blast injury of the
small bowel, respectively.

» Pressure differentials across delicate structures such as alveolar septa or bowels:
compression of a segment (implosion) and SDA subsequent expansion damages
the wall of the structure.
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2.3  BlastInjury Mechanisms

Blasts produce a unique spectrum of devastating injuries classically divided into
primary, secondary, tertiary, and quaternary blast injuries [10]. While this classifica-
tion is useful for its simplicity and mirrors the principal injury mechanisms, it is
based on Second World War data of open field bare explosives [11], a model that
does not account for modern variations, i.e., explosive types (Mine, IED, Suicide
vest) or environmental factors (open air, confined, buried). Furthermore, multiple
mechanisms often overlap, leading to complex injury types in the polytraumatized
child [12]. Nevertheless, it constitutes a widely accepted theoretical model for
understanding blast injuries [5, 13].

2.3.1 Primary Blast Injury

Primary blast damage is largely a function of the character, magnitude, and rate of
pressure fluctuations, and the duration of the pressure pulse [14]. Primary blast
injuries are caused by the interaction of the blast wave and its components with the
body and are therefore a type of non-penetrating trauma that is estimated to consti-
tute 86% of fatal blast injuries [6, 8].

The effect of blast waves is most profound at air and fluid-filled interfaces in the
body which are most sensitive to rapid pressure fluctuations as the blast wave propa-
gates [6]. The brain, ears, spinal cord, gastrointestinal tract, lungs, and cardiovascu-
lar system are especially susceptible to damage from the primary blast wave [15].

Damage to human tissues is incurred mainly by four mechanisms: spalling,
implosion, acceleration/deceleration, and pressure differentials [15].

1. Spalling occurs when particles from a denser fluid are forcibly pushed through a
less dense fluid at the interface of two different media.

2. Implosion implies a contraction of gas pockets that occurs as a blast wave propa-
gates through tissue. The expansion follows rapidly, causing injury from multi-
ple miniature internal disruptions.

3. Acceleration/deceleration injury occurs when the body or its internal organs are
accelerated in one direction from contact with the blast wave front, followed by
an abrupt change in momentum. This can occur when a reflected blast wave col-
lides with the body from a different direction or when meeting a solid object
or wall.

4. Pressure differentials between the outer surface of the body and the internal
organs during a blast wave can cause internal injury.

Some studies have shown that survivors of explosive blasts were found to have
elevations in plasma arachidonic acid metabolites, thromboxane A, prostacyclin,
and sulfidopeptide leukotrienes, suggesting that blast waves can cause extensive,
measurable pathophysiologic alterations. Traumatic limb amputation from primary
blast waves occurs at a blast wave-induced fracture site rather than joints. Other
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primary blast wave injuries include traumatic brain injury, tympanic membrane rup-
ture, perforation of the globe of the eye, abdominal hemorrhage, and pulmonary
barotraumas. Primary blast injuries in open air tend to be confined to victims in
close proximity to the epicenter and are less common than ballistic (secondary)
injuries [8]. A casualty close enough to an explosion to sustain serious primary
injuries will commonly have lethal secondary and tertiary injuries.

A higher incidence of serious primary blast injury can be observed in the follow-
ing circumstances:

e Enclosed spaces (vehicles or buildings) where the reflection of the blast wave
augments the total blast load.

e Close proximity to the explosion.

e In individuals wearing body armor which confers protection against projectiles
but not the blast wave.

e Large-scale explosions.

¢ Fuel-air explosives and other types of enhanced blast munitions.

2.3.2 Secondary Blast Injury

Secondary blast injury is the most common form encountered in blast-related inju-
ries and is a far greater contributor to mortality in blast victims that survive the
primary blast [6, 16]. The mechanism of secondary blast injury is tied to blast winds
which lag behind the negative pressure wave that follows the primary blast wave. As
the pressure drops below atmospheric levels, the vacuum generates winds that can
propel objects in the vicinity of the explosion with considerable destructive force,
on par with the blast wave of the initial explosion [15]. The musculoskeletal system
is most commonly involved in the form of severe tissue injuries and amputa-
tions [15].

Fragmentation is the most common mechanism of secondary blast injuries, capa-
ble of damage over large distances. Projectiles, i.e., materials that have been added
to the explosive device or built into it by design (fragmentation grenades), are pro-
pelled by the blast wave or blast winds [16]. They can travel with varying velocities
(up to 2700 feet per second) and emulate ballistic patterns, causing penetrating or
blunt ballistic trauma. In addition, blast fragments can carry environmental debris
into the wound, seeding wounds with pathogens and impeding proper wound heal-
ing [15]. Injury patterns created by penetrating fragments reflect their shape and
velocity and are categorized based on their resemblance to ballistic materials (i.e.,
ball bearings) or irregularly shaped projectiles [6]. The lethality of fragmentation
injuries is dependent on the degree of vital structures’ penetration. Fragmentation
dispersion is chaotic and indiscriminate; the likelihood of penetrating vital organs is
increased at shorter distances from the blast epicenter [17]. Small standing individu-
als such as children will have their vital regions (chest, head, and neck) closer to the
epicenter of a buried explosive (mine, IED), increasing their fragmentation
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exposure. This explains the increased incidence of thoracic, head, and neck injuries
in pediatric victims compared to adults [18], and the increased requirement for
operative procedures for these body zones [19]. The introduction of enhanced body
armor to adult combatants provides partial protection from direct fragmentation
strikes on the thorax, head, and neck [20, 21]. Unfortunately, children are unlikely
to benefit from this form of protection.

2.3.3 Tertiary Blast Injury

Tertiary blast injuries are defined as the spectrum of injuries sustained through
bodily displacement followed by rapid deceleration of the body or its parts, and
impact upon the ground, walls, or objects. Additionally, the damage incurred from
collapsing structures such as crush injuries is also considered part of this category.
Bodily displacement is caused by an acceleration induced by blast winds or expand-
ing gases in violent explosions. Fractures, crush injuries, traumatic limb amputa-
tions, severe soft tissue lacerations, and contusions can result [6, 8, 15]. Blunt head
injuries and fractures are the most common types sustained, similar to non-combat
or conflict-related trauma, although with greater severity [17]. In fact, head injuries
are the second most significant cause of mortality following blasts in the pediatric
population [12]. The relatively small body mass of pediatric patients increases their
predisposition to bodily displacement and resultant blunt traumatic injuries [3]. In
addition to differences in size and shape, pediatric tissues have different biophysical
properties than their adult counterparts; the biomechanical response to blast loading
and impact may differ. Pediatric bone has been shown to be less mineralized than
adult bone. Reduced bone ash content leads to a lower modulus of elasticity and
lower bending strength; a child’s bone will bend more easily when subjected to the
same force [24]. The tendency of pediatric bone to absorb energy, bend more, and
deform plastically leads to the phenomenon of “greenstick” fractures. These are
characterized by bending and unilateral fracture of the bone; this is in contrast to the
adult bone which fails and fractures completely when subjected to a lesser degree of
bending [25].

2.3.4 Quaternary Blast Injuries

Quaternary blast injuries encompass the wide spectrum of injuries not addressed by
the previous three classifications [17]. These include psychological trauma, burns,
asphyxia following inhalation of toxic fumes or burned materials, and mucosal
edema (oral, nasal, pharyngeal) from high temperatures generated by secondary
fires (flammable devices, structures, pavement, vehicles) [16]. Burns are the leading
cause of death in children under 15 years old, and alongside head trauma, are the
greatest predictor of death in all age groups [26, 27]. Psychological trauma is a
complex and underreported issue that often follows a pediatric blast injury.
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2.4  BlastInjury Characteristics in the Pediatric Population

While acknowledging that blasts produce a heterogeneous injury pattern within
both adult and pediatric populations, epidemiological studies demonstrate certain
injury patterns are more common in children. In pediatric populations, multiple
body regions are involved in 65-70% of cases [12, 28], with burns and penetrating
injuries to the extremities observed in 70-80% of blast victims [12, 18, 22, 27].
Penetrating injuries to the face, head, neck, upper limb, and trunk affects 80% of
pediatric patients, significantly higher than the 31% of adult victims [22, 23]
(Fig. 2.2). Children experience a high injury burden from blast trauma, as assessed
by the injury severity score (ISS—a widely used consensus-based measure of injury
severity) [29]. Around 20-36% experience “severe” injury (ISS > 15), while 8-18%
are considered “critically injured” (ISS > 25) [10, 18, 19, 30]. Older children have
a greater ISS and undergo a higher number of surgical interventions when compared
to younger children (<9 years old). Of these, wound debridement and closure are
most commonly performed [31], followed by vascular surgeries and exploratory
laparotomies. These statistics reflect the prevalence of penetrating trauma as a major
mechanism of injury [32].

Pediatric blast victims constitute a disproportionately large resource burden on
treatment facilities [32-38], with approximately 56% requiring surgery [19], or
twice the requirement of non-blast-related pediatric trauma [35]. Special structural

Fig. 2.2 Percentages of injuries by body region and context [22, 23]
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Table 2.1 Structural consideration in the pediatric population [39]

Skin Scalp The younger a child is, the thinner and the poorer its ability to
cushion against external forces
Epidermis/ Fragile and prone to blistering and tearing
Dermis
Subcutaneous  Easily retains water and microvascular breakdown causes a
fat layer subcutaneous hematoma
Galea Blood and exudate can accumulate beneath galea
aponeurotica
Periosteum Cephalic hematoma can be calcified rarely
Cranium Cranium The craniofacial ratio is at its greatest

Cranial sutures are loose and highly mobile

Calvarium is soft and rich in bone marrow, connected with a
periosteum, and strongly attached to the bone cortex. The
continuity of the skull tends to be well-maintained. Bone
fragments are less likely to occur

Brain and Nerve fibers In undeveloped myelin sheaths the water content per unit
nerve fibers volume of brain tissue is high. Fibers are pliable and less prone
to rupture
Brain/Cortical ~ Cerebral contusion by a direct external force is high because of
veins its softness. Easily extended with accelerated decelerated
motion and can cause subdural hematoma with disruption
Neck and Neck Undeveloped neck muscle and poor head support
cervical Vertebrae The fulcrum of the vertebral body is located in the upper
spine cervical spine

features predispose the pediatric population to sustain multiple injuries, suffer
higher ISS, and have a greater risk of death following blasts, as described in
Table 2.1.

2.5 Injury-Specific Considerations in Pediatrics

2.5.1 Thermal Burns

Thermal burns are a common injury following blasts, with a prevalence ranging
from 56 to 70% in pediatric patients of all ages [10, 40]. Thermal energy released
from blasts can result directly from the explosion, through superheated gas prod-
ucts, or by secondary fires igniting surrounding vehicles and buildings [41]. Burn
severity has been proposed as a prognostic marker for pediatric blast models [42],
and severe burns exceeding 30% of the body surface area are the principal cause of
death in children under 15 years old [10, 11, 33]. When a large detonation occurs
(hundreds to thousands of pounds of explosive materials), the resulting blast wave
is accompanied by a large fireball and surrounding flammable materials. The fire-
ball and other secondary fires consume a significant amount of oxygen from the air,
reducing its partial pressure to half the normal atmospheric value of 21% oxygen
(10-13%). The fireball that emanates from an explosion can reach temperatures of
several thousand degrees and lasts for approximately 500 milliseconds. The
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probability of significant secondary fires, particularly burning vehicles, can further
potentiate incendiary effects; the victims’ open wounds can be complicated by
burns and heavy smoke exposure. This compounding of factors complicates the
debridement, surgical management, and healing process of sustained blast wounds.
The burns typically encountered in explosion victims are flash and flame burns.

Flash burns are produced by the explosion’s radiant heat and sustained by vic-
tims in close proximity to the detonation. Due to the short exposure time, they are
more superficial than flame burns and are typically found on exposed body parts
such as the face (most common), neck, hands, and calves of female victims, indicat-
ing the protective value of clothing in blast situations. Flash burns are more exten-
sive and severe in victims of confined space blasts due to the containment of the
fireball for a longer time period. Interesting characteristics observed in this type of
injury are the charred singeing of scalp hair, eyelashes, and eyebrows. Eyelid burns
are the most common injury and account for 96% of all flash burns. Lip burns by
blast thermal effects on the mucosa present as singed lips, cyanosed, smoked black,
covered by a dry crust of blood, and dry when the oral mucosa’s minor salivary
glands are affected [9, 16].

Burns are multisystemic insults affecting the dermis as well as the pulmonary,
cardiovascular, inflammatory, and metabolic systems [2]. Insulin resistance,
increased fracture risk, hepatomegaly, cardiac dysfunction, reduced immune func-
tion, and hypermetabolic changes, commonly seen in burn patients, have been dem-
onstrated to persist for up to 3 years following burn exposure in adults [43]. Through
systemic alternations such as wound healing impairment, nutritional deficits, and
infection risk, burn victims carry an increased risk of hospitalization with higher
morbidity and mortality, long after the initial insult [30, 43-45].

Children are predisposed to increased burn severity [46]. Anatomical dispropor-
tionality increases the lethality of certain burn patterns: a burn to the face and scalp
of an adult comprises only 9% of the total body surface area (TBSA), not requiring
IV fluid therapy. Conversely, the same injury in a pediatric patient covers 19%
TBSA and requires fluid management [23]. Children under 2 years of age have
reduced subcutaneous layers and skin thickness compared to older children and
adults. Full-thickness burns, and the resulting rapid fluid, protein, and heat loss, can
occur at relatively lower thermal energy levels. Consequently, assessment of clinical
severity by burn depth has been shown to be less accurate in young children [29].
Subsequent dehydration, nutritional deficiencies, and hypothermia from full-
thickness burns increase morbidity significantly in pediatric victims [46].

Thermal inhalation injuries in pediatric victims are difficult to assess, and symp-
toms of inhalational injuries such as increased respiratory rate may be incorrectly
interpreted in the context of physiological age discrepancies. The pediatric subglot-
tis represents the narrowest section of the upper airway and is quickly affected by
burn-induced laryngeal edema, especially in the context of failed intubation attempts
[46]. Rapid desaturation occurs following upper airway obstruction due to increased
oxygen utilization combined with limited functional residual reserves [31].

Children rarely recover from severe burn injuries without functional sequelae,
with limited joint mobility and impaired tactile sensation presenting significant
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future challenges for rehabilitation [32, 33]. Prolonged rehabilitation and visible
aesthetic disfigurement can produce psychosocial morbidity long after the event [34].

Nosocomial infection of the burn eschar, in particular, from Pseudomonas aeru-
ginosa, can be prevented by an aggressive debridement and meticulous antimicro-
bial wound dressings [35]. However, sub-optimal care facilities, delays in wound
cleaning, and prolonged transfer times all increase burn infection incidence [36].

In conclusion, pediatric patients should be considered high-risk and require sus-
tained monitoring, optimal treatment, and rehabilitation. Long-term recovery with
adequate functional outcomes is achieved by an early return to pre-burn activities
and regular multidisciplinary follow-up [43, 45].

2,5.2 Extremity Injuries

Extremity injuries are one of the defining injury patterns observed in adult victims
of explosive devices [37]. In the pediatric population, the prevalence of extremity
injuries varies greatly from 11 to 85% [12, 38]. The literature establishes a clear age
dependence, with only 11% of infants and 20% of children under 7 years old expe-
riencing limb injuries, contrasted with over 50% of older children [38]. Younger
children are at increased risk of upper limb injuries, while adolescents predomi-
nantly suffer lower limb injuries, in line with data from adult populations [19].
Upper limb traumatic amputations (TA) are commonly associated with the upper
torso, neck, and head injuries, and are rarely seen in survivors [40]. Primary, sec-
ondary, and tertiary blast injuries result in a variety of extremity wounds, including
vascular injuries, long bone fractures, and traumatic amputations.

The long bones of the extremities undergo successive developmental stages
which make them more susceptible to trauma when compared to adult bones [41].
The impact tolerance of children’s bones is dependent on bone girth and relative
proportions of the marrow cavity and bony walls, as well as the relative proportions
of organic and inorganic materials that constitute bone tissue (the flexibility or tor-
sional strength of bone is determined by the organic component) [41]. During early
bone development, organic components (collagen) outweigh inorganic (minerals)
components [41]. The predominance of organic material is maintained through ado-
lescence and is followed by a gradual buildup of inorganic bone materials in early
adulthood, with maximal bone strength observed around age 20 years [41].
Children’s bones have a lower modulus of elasticity, lower bending strength, and
lower bone ash content. They also tend to deflect and absorb more energy, both
before and after a fracture starts taking place [42]. That composition may explain
the high prevalence of fractures in this demographic following explosive blasts.

Orthopedic trauma resulting from explosive detonations can occur in primary,
secondary, tertiary, or quaternary (miscellaneous) blast injuries, in isolation or in
combination. Traumatic amputations (TA), or the most severe form of orthopedic
trauma, may occur through two mechanisms. The first is diaphyseal stress leading
to fracture, flailing of the joint, and transosseous amputation. The second is intra/
periarticular stress leading to articular failure, flailing of the joint, and joint
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amputation [47]. In an explosion, changes in atmospheric pressure caused by the
blast wave can fracture bones, followed by limb avulsion at the fracture site by sec-
ondary waves (blast winds), resulting in flailing of the extremity [48]. Some studies
report that the most common site of amputation was not at the joint, but at different
positions along the long bones based on the blast circumstances. The most fre-
quently observed lower limb amputation site was the lower third of the femur and
the upper third of the tibia at the level of the tibial tuberosity. In the upper limb, the
distal arm was most commonly amputated. This pattern was explained by the shock
wave causing a stretch or bend in the mid diaphysis of long bones as it passes
through the victim’s body and a complete fracture from the following blast wind [48].

Primary blast waves transfer energy at interfaces between tissues with differing
acoustic impedance [5] leading to cellular disruption, soft tissue destruction, and
bone micro fractures as the stress wave propagates, prior to any displacement [3].
This builds up shearing and axial stress forces that eventually exceed the tensile
strength of bone causing fractures. It is suggested that these stress forces, occurring
at the site of blast wave-induced bone fracture, are the probable mechanism of trau-
matic amputation [3]. For example, the most commonly seen proximal tibia fracture
occurs when a blast wave penetrates a tibia from a lateral trajectory, and the bending
forces exerted interact with the geometry of the tibia, resulting in peak stress applied
to the proximal third [3, 5]. Once the bone is fractured by the blast wave, the detona-
tion products exert on the bone additional bending stress [3], clinically manifesting
as a traumatic amputation, with the proximal stump containing a short oblique or
transverse fracture morphology [3] (Table 2.2).

Secondary blast injury is characterized by penetrating trauma from bomb casing
fragments, materials implanted within the explosive (e.g., nails and screws), or
from local materials displaced by the energy of the explosion [3, 5]. The projectiles
rarely cause direct limb amputations [48], but they can cause fractures, directly or
indirectly [5]. Aerodynamic drag on irregularly shaped fragments results in rapid
deceleration outward from the point of detonation. Therefore, depending on the
distance from the blast, fragments can strike the body with varying velocity, con-
trary to the streamlining seen in bullets fired through a rifled barrel [48]. In addition
to their lack of streamlining, low-velocity fragments from explosive munitions

Table 2.2 Injury mechanisms from the explosion and its interaction with bone [49]

Explosion

type Pathophysiology Fracture characteristics

Primary Blast wave-mediated fracture Traumatic amputation, short
oblique/transverse fracture

Secondary Direct impact of fragment Highly comminuted multi-

fragmentary fractures
Primary and  Direct contact with the seat of the explosion,  Traumatic or subtotal

secondary resulting in blast wave and fragment injury amputation with significant soft
(e.g., antipersonnel landmine explosion) tissue injury and fragments

Tertiary Displacement of the causality or objects near  Axial loading, 3-point bending,
the causality spinal fracture

Reproduced with the permission of The Royal Society from Ramasamy A et al. (2011) [49]
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behave differently than low-velocity bullets. Upon striking tissue, even at low
velocity, these fragments may exhibit a tumbling or so-called shimmy effect that
can increase the amount of tissue damage [48]. Blast fragments often carry envi-
ronmental debris into the wound and can inflict more severe tissue injuries than
low-velocity bullets [48]. Furthermore, a large, slower projectile can crush a large
amount of tissue, and missile fragmentation that may occur within the body can
greatly increase temporary cavity effects [48]. A combination of the factors
described above most likely accounts for the qualitative differences in tissue dam-
age often seen with explosive fragments, compared to the damage caused by low-
velocity gunshot wounds [48]. The direct impacts of high-energy fragments
colliding with bone typically result in a highly comminuted fracture with extensive
periosteal stripping [5]. Experimental evidence has shown that these injuries result
in multiple bone fragments with no periosteal attachment and thus no blood supply
[3]. In addition, these direct high-transfer wounds produce significant contamina-
tion of the fracture site and the medullary canal, thereby increasing the risk of
developing long-term infective complications (osteomyelitis) [3]. As projectiles
pass through tissue, they impart radial velocity to the surrounding medium, thereby
creating large temporary cavities [3]. After penetrating the bone cortex, a projectile
encounters the marrow-filled cancellous bone and propels the marrow radially at
high velocity, fracturing the thin trabeculae. After penetrating the second bone cor-
tex, the exit hole is enlarged by cavitation in the cancellous bone [3]. Due to the
relatively inelastic nature of bone, the cavity formed in cancellous bone does not
collapse and becomes a permanent cavity [3]. With higher velocity impacts (more
than 500 m/s?), the cavitation phenomenon produces widespread destruction of
cancellous bone, with increased fragmentation of the cortical bone on the exit hole
[3]. Conversely, at slower velocities, full penetration of the bone does not occur
and only a single cortex is breached. In these cases, the classical “drill-hole” frac-
ture is produced [3]. Indirect fractures can be caused by high-energy fragments
passing in close proximity to bone. Such injuries are caused by the high pressures
exerted on the bone surface by the leading edge of a rapidly expanding temporary
cavity [3]. These fractures show no bone loss and the fragments retain periosteal
attachments and are likely to remain viable [3]. The configuration in these injuries
is usually simple (i.e., transverse or oblique) with little comminution, much like
primary blast injuries [3, 5] (Table 2.2).

Secondary soft tissue blast effects are due to a propelled fragment colliding with
the body that directly damages soft tissue in its path and, if sufficiently energized,
generates a high-radial pressure compression wave in the tissues, just as an explo-
sion does in the atmosphere [5]. The wave creates a temporary cavity of subatmo-
spheric pressure as the fragment traverses, which pulls in external debris, increasing
the risk of wound contamination [5]. The proportions of temporary and permanent
cavities are determined by the kinetic energy of the causative fragment and the
nature of the tissue affected. Areas of devitalized tissue can extend several centime-
ters and the zone of injury is often much greater than the remaining wound track [5].
The irregular morphology of shrapnel in comparison to a uniform bullet, increases
the transfer of kinetic energy to surrounding tissues, thereby dealing greater damage
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[5]. Consequently, simple surgical debridement of the wound track may not be suf-
ficient to remove all nonviable tissue [5].

Tertiary blast injuries are caused by blast winds that can accelerate bodies as
well as objects but do not reach as far as blast projectiles. The injuries sustained are
varying in severity and are largely dependent on the distance from the explosion.
Often, victims tumble along the ground, sustaining multiple injuries, or may be
hurled through the air and struck by objects or impaled by them. Fractures, crush
injuries, amputations, severe soft tissue lacerations, and contusions are all possible
[48]. Displacement of the victims with force and sudden deceleration against a
solid structure can result in significant tertiary orthopedic blast injuries [5]
(Table 2.2).

When bone is subjected to external loads, the pressure distributes unevenly due
in part to local osseous imperfections. This leads to nucleation, multiplication, and
growth of micro-cracks in the weakest areas, and finally to the formation of macro-
scopic fissures (fracture) as a result of the coalescence of localized micro-cracks in
the most densely damaged area [3]. The fracture pattern is a function of the direc-
tion and intensity of the load applied, the geometry of the bone involved, and its
specific material properties [3]. When pressure is perpendicular to the axis of the
bone, the most common fracture reported was a tension wedge, irrespective of the
direction of the impact [3]. Tensile wedge fractures originate at a location directly
opposite the point of impact, and the wedge segment radiates back through the bone
initially forming a 90-degree vertex angle. This suggests failure from direct stress,
i.e., axial loading of the bone in tension at the far cortex [3]. The level of comminu-
tion at the fracture site was related to higher impact speeds. Spiral fractures only
occur when the bones were subjected to additional torsional loads. Severe axial
loading of the lower limbs is common with underground explosions, or victims
landing on their feet after being thrown by blasts, with comminuted calcaneal (heel)
fractures being a prominent injury [3].

Quaternary (miscellaneous) orthopedic blast injuries are much less common than
secondary blast injuries and may include burns from the thermal effects of explo-
sions or from secondary fires [5, 48] (Table 2.2).

One of the important determinants of musculoskeletal injuries is the location of
the victim relative to the explosion site. For instance, in close proximity to the deto-
nation site, the effects of shock waves and detonation products occur almost instan-
taneously, leading to mixed primary and secondary blast injuries. This classically
occurs with the detonation of anti-personnel mines, which are designed to release
explosive energy at point-blank range, with the goal of maiming rather than killing
[3]. The mine’s blast wave is transmitted directly into the limb causing a brisance
(shattering) effect on bone, within 200 milliseconds of the detonation. 1-2 millisec-
onds post-detonation, the bomb casing, environmental fragments, and other detona-
tion products contact the limbs, causing destruction of traumatized soft tissue and
applying maximal stress on bones previously damaged by the blast wave [3]. The
end result is a total or sub-total limb amputation, with a zone of soft tissue injury
(and significant amounts of foreign debris and fragments) extending more proxi-
mally to the damaged bone [3].
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As with other types of blast injuries, orthopedic injuries are affected by environ-
mental factors, especially in enclosed vs. open spaces. When a detonation occurs
close to but outside of a structure, the resulting blast wave diffracts around and
reflects off the obstacle. It also transmits to the interior of the structure with signifi-
cantly reduced energy and pressure [49], effectively lowering the risk of blast wave-
related injuries substantially [49].

In contrast, blast fragments are more likely to result in fractures of victims caught
in the open [49]. Studies show that the lower limb is more frequently affected and
sustains more tertiary blast injuries from enclosed space detonations [49]. These
observations may be attributed to the momentum effects of the explosion that throw
victims into the air for long distances before landing on their feet, or secondary to
vertical acceleration and local floor pan deformation [49].

2.5.3 Torso Injuries

Chest and abdominal trauma are common following blasts, with an incidence vary-
ing between 32 and 50% and a peak in children aged 5-10 years [12, 38]. Primary,
secondary, and tertiary blast injuries may impact the abdominal or thoracic struc-
tures and viscera. A comparison with unarmored adults [28] suggests that the torso
is far more commonly injured in children following landmine and UXO (Unexploded
Explosive Ordnance) explosions [28]. This may be due to anatomical susceptibility
or unintentional high-risk behavior around explosives. Several structural consider-
ations in pediatric populations lead to distinct patterns of chest injuries [50].
Pediatric thoracic blast injuries usually affect the internal organs due to the lesser
protection provided by the developing rib cage [41]. In infants and young children,
the thoracic walls are thinner and the ribs are more elastic than their adult counter-
parts. This greater flexibility is due to incomplete bony ossification, more flexible
ligamentous attachments, and less developed supportive musculature, and makes it
possible for anterior ribs to be compressed all the way to meet posterior ribs [51].
The anatomical features of the young thorax increase the likelihood of suffering
severe parenchymal thoracic injuries such as heart contusion, dislocation, transec-
tion, or angulation of the great vessels, tracheal compression, and angulation,
esophageal rupture [52], as well as pulmonary contusions with minimal or no signs
on superficial examination or admission chest X-rays [41, 50, 51]. Over 80% of
children who sustain a thoracic aortic tear will have significant associated injuries
to the lung, heart, long bones, abdominal viscera, and central nervous system,
although only 50% will present with external evidence of thoracic injury. Rib frac-
tures are much more likely to occur from secondary or tertiary injuries [52]. Primary
blast waves powerful enough to fracture flexible ribs usually result in fatal pulmo-
nary trauma [52].

In addition to the structural and size differences, thoracic organs in children
exhibit different physiologic characteristics [51]. In early life, the trachea is narrow,
short, more compressible, and narrowest at the level of the cricoid cartilage.
Therefore, small changes in airway diameter, seemingly inconsequential wounds in
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the thoracic cage, or small foreign bodies may rapidly lead to respiratory distress
[51]. Children also have a lower functional residual capacity coupled with higher
oxygen consumption per unit of body mass and are therefore more susceptible to
rapid deterioration from hypoxemia [51]. Moreover, they are at particularly high
risk for airway obstruction [53] due to several oropharyngeal anatomic features:
their tongues are relatively large for their oral cavity, as are the soft palate, oropha-
ryngeal tissues, and the epiglottis, which are relatively longer and stiffer [53]. To
complicate matters further, their large heads and occiput relative to body size allow
their necks to flex easily when lying supine, exacerbating airway obstruction. These
factors make children more susceptible to airway irritation and asphyxiation from
the copious amounts of hot dust, sand, particles, debris, smoke, toxic fumes, and
gases produced by explosions [7]. Lower respiratory tract and lung burns are rare
but can be caused by superheated steam; signs include dyspnea, cough, and crackles
from pulmonary edema [7].

Primary blast lung injury (PBLI) is the most common fatal injury following
exposure to overpressure waves [2] and presents essentially as pulmonary contu-
sions [52]. The degree of pulmonary pathology is proportional to the velocity of
chest wall displacement [52]. A slow steadily applied force to the lungs allows com-
pressed air to vent out through the trachea [52], while the abrupt chest wall com-
pression induced by blast waves does not allow for this equilibration [52]. Pressures
within the lung parenchyma and air spaces can match or greatly exceed the blast
pressures because lung tissue compresses more slowly than the air in the respiratory
tract [52]. Air-tissue interfaces of the pulmonary system are vulnerable to spalling,
compression, and shear forces [17]. Barotrauma and volutrauma (overexpansion
damage) lead to alveolar hemorrhage, pulmonary contusions, widespread edema,
and pneumothoraxes [2, 21]. Depending on the blast load, this varies from scattered
petechiae to large confluent hemorrhages involving the entire lung. Pulmonary con-
tusions are more severe on the impact side of blast waves in the open air but tend to
be bilateral and diffuse in victims of confined space blasts [52]. Pleural and subpleu-
ral petechiae are the mildest pathologies described. Ecchymoses, often in parallel
bands corresponding to intercostal spaces, may be seen with larger blast loads [52].
Pneumothoraxes from blast injury are at increased risk of tensioning in infants due
to the inherent mobility of the pediatric mediastinum, causing additional mortal-
ity [31].

2.5.4 Head and Spinal Injuries

The reported prevalence of pediatric head injuries following blasts varies between
15% and 60% [18, 38]. Patients under 7 years old are almost twice as likely to pres-
ent with head injuries as older children (28% vs 15%) [18]. Blast-induced traumatic
brain injury (bTBI) is more common in victims under 10 years of age compared to
adolescents [38]. Head and cervical spine injury is the second most common cause
of death in all age groups [18], with one retrospective study conducted on post-
mortem data reporting skull fractures in 90% of pediatric casualties [54].
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Neurosurgical decompression is the most common surgical intervention for blast-
related head injuries in children under 3 years old [55].

Child cranial and spinal anatomy undergoes many changes, from the closure of
fontanels and cranial sutures to changes in the thickness and pliability of the cra-
nium, anatomy of the vertebra, and the maturity of cervical ligaments and muscles
[53]. These structural differences change the fundamental injury mechanism for an
infant compared to that of an older child or adult [56]. The child’s head and brain
are also fundamentally different from adults physiologically and anatomically [53].
Children have larger heads relative to body size, increasing the likelihood of head
injuries in pediatric victims [39, 53]. Furthermore, the head is relatively heavy com-
pared to the rest of the body and is supported by a weaker cervical musculature [57],
making the head more vulnerable to TBI and resulting in different dynamics of head
acceleration in response to external forces [39]. The ratio of head-to-body size grad-
ually declines with age [39].

As children grow and develop, facial development and expansion of the parana-
sal sinuses progressively provide protection from brain damage [39]: the sinuses
play a role as air-filled shock absorbers, partially absorbing energy directed at the
skull and brain [39]. At birth the facial portion of the head is smaller than the cra-
nium, with a face-to-cranium ratio of 1:8 (vs. adult ratio of 1:2.5). This pattern is
notable in children up to age 8 years [41]. Moreover, the newborn forehead is high
and bulged relative to the facial profile, due to the large size of the frontal lobe of
the brain [41]. Thus, in newborns and infants, the face is tucked below the larger
brain case, and their protruding forehead increases the probability that a force
directly impacts the frontal skull and underlying cerebral parenchyma [39].
Furthermore, they lack the protection of fully pneumatized sinus cavities.

The mechanical characteristics of infant and adult skulls are significantly differ-
ent. Anatomical immaturity in skull composition may increase the risk of bTBI
from primary blast waves. Infant and child skulls are considerably more pliable, due
to the segmental development and arrangement of skull bones, in addition to the
flexibility and thinness of individual bones, possibly leading to greater shear stress
and subsequent injury to the underlying brain structures [58]. Reduced calvarium
thickness is also likely to provide less protection from penetrating and blunt trau-
matic injury. Another material property of the calvarium is its elastic modulus: fiber
orientations parallel to the long axis have significantly higher elastic moduli than
those with fibers perpendicular to the long axis [59]. In adults, cranial bones and
sutures have similar properties and adult calvarias deform very little prior to fracture
[59]. In contrast, pediatric cranial bones are 35 times stiffer than their cranial sutures
and are able to deform 30 times more than older children’s cranial bones before
failure, and 243 times more than adult bones [59]. The large strains in pediatric
bones and sutures result in a skull case that can undergo dramatic shape changes
before fracture, potentially causing devastating damage to the brain [59]. In addi-
tion, fontanelles are extremely vulnerable to trauma. The skull develops as a loosely
joined system of bones formed in the soft tissue matrix surrounding the brain.
Interosseous junctions are relatively broad and large, leaving certain areas of the
brain covered by a thin fibrous sheath and somewhat exposed to the external
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environment. They are most obvious in the frontal and posterior skull regions and
make the head of the child less resistant to impact trauma [41].

Injury patterns are also determined by the mechanical properties of brain tissue,
which is stiffer in children [53]. Infant cerebral white matter contains little myelin,
and its distribution is very different compared with adults [39]. The neonatal brain
is watery and has a low density, while the fully myelinated adult brain has a much
higher density [39]. Different brain regions myelinate at different rates and the
resulting density variations can be pronounced at different developmental stages
[39]. The degree of myelination results in different absorptions of traumatic forces,
with increased susceptibility to TBI in unmyelinated areas [39]. When intracranial
volume increases rapidly, as, in blast trauma, the acute increase in ICP can be life
threatening. It may be more dangerous in young children than in older children and
adults because of the lower normal range of ICP in this age group [53]. Cerebral
compliance observed in young children as a result of open fontanelles and unfused
sutures can only provide protection to a certain extent [53]. It is also determined by
cerebral blood flow (CBF) and volume, and the ratio of cerebrospinal fluid (CSF)
volume to brain volume, all of which are age dependent [53]. The CSF-brain ratio
reflects the balance between brain tissue and CSF in the ventricles and subarachnoid
cisterns of the brain. Although this has not been formally quantified across the age
range, radiologists and pediatric specialists are aware of the differences between
very young children, older children, and adults with respect to the amount of intra-
cranial CSF that is expected, to reflect the growth of the brain from the neonatal
stage through childhood and the gradual atrophy with age [53]. Post-mortem patho-
anatomical data provides the majority of evidence for the pathophysiological effects
of blast, which include edema, contusions, vasospasm of the internal carotid and
anterior cerebral arteries, diffuse axonal injuries, and hematomas [60-64]. Following
the blast, cerebral concussion is common, with increasing evidence of association
with post-traumatic stress disorder (PTSD) [65-68].

The mechanism of bTBI following primary blast injuries remains incompletely
understood [69, 70]; most experimental data originate from laboratory or computer
models [66, 69, 71-73]. The overall hypothesis is that brain injuries can occur fol-
lowing overpressure oscillations from the primary blast, pressure on the cranium by
the secondary blast winds, and tertiary blast injuries in the form of blunt traumatic
or coup-countercoup injuries [74].

Blunt Traumatic brain injury (TBI) in children is caused by one of two mecha-
nisms [56]:

1. Impulsive loading, where the head moves as the result of motion imparted by
some other part of the body (e.g., “whiplash™).

2. Impact loading, where the head either strikes a stationary object or is struck by a
moving object.

These events are mechanically distinct and have very different clinical conse-
quences. Both cannot occur simultaneously, although they may happen sequentially.
Impulsive loading of an unsupported head will cause it to rotate around some point
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in the cervical spine, from the occipital condyles to C7/T1. With such a rotation, the
skull will receive the transmitted force faster than the brain, which lags behind
because the brain and skull are not rigidly linked [56]. This differential displace-
ment may result in tensile failure of the bridging veins, which can withstand a force
up to 30% stronger than their average baseline stretch [56]. It has also been sug-
gested that following brain trauma, pediatric patients are at greater risk of brain
injury from enhanced excitotoxicity and impaired cerebral blood flow. Excitotoxic
effects may lead to increased neuronal apoptosis [75]. Experimental data using
pediatric neurons subjected to non-blast TBI (nbTBI) demonstrated that extra-
synaptic N-methyl-D aspartate (NDMA) channels were excited, leading to increased
calcium channel influx [76, 77]. Calcium influx is associated with enhancing intra-
cellular cascades and promoting neuroapoptosis [78]. Furthermore, severe nbTBI in
children has been associated with impaired cerebral autoregulation and subsequent
poor outcomes [79, 80]. In a later study, those under 4 years old were found to be at
risk of impaired autoregulation, regardless of nbTBI severity, suggesting an
enhanced susceptibility in younger patients. This correlates with animal studies
demonstrating prolonged reductions in cerebral blood flow in newborn pigs com-
pared to juvenile pigs following diffuse nbTBI [81].

Significant cognitive, intellectual, and functional sequelae arising from pediatric
nbTBI have been described [82—87] and there is a clear need for specific studies on
the long-term prognosis of pediatric bTBI. Controversy exists as to whether mild
nbTBI is analogous to moderate bTBI in adults [88], and the paucity of pediatric
data makes this comparison difficult. Extrapolation of bTBI results from nbTBI data
is limited by variable follow-up times, more segmented age groups in pediatric pop-
ulations, developmental milestones which complicate assessment and differing TBI
mechanisms. Early nbTBI data suggest pediatric patients benefit from increased
neuroplasticity in the developing brain, allowing recovery of cognitive and intel-
lectual function [82]. However, conflicting studies demonstrated reduced educa-
tional performance, increased impulsivity, hyperactivity, and learning disabilities
after 2-5 years in children with brain injury [83-86]. A recent study by Shaklai
et al. [87] assessed 77 children of ages 2—17 over 10 years following moderate to
severe nbTBI and found that 69% were able to fully reintegrate back into regular
education following extended rehabilitation. The remaining 31% required addi-
tional help (19%) or special education (12%). Previous studies report reintegration
of 24-59% of cases [89, 90]. A Higher Glasgow Coma Scale at admission and
shorter loss of consciousness correlate with a positive outcome, which is consistent
with other reports [91-93].

Pediatric spine injuries affect a modest percentage of children following blast
injury (1-3%) [12, 27], with its presentation being almost ubiquitously associated
with concurrent head injuries [18]. No data exists for blast-specific pediatric spinal
injuries; the literature does, however, describe patterns for non-blast-related spinal
trauma: the cervical spine is affected in 60-80% of total pediatric spinal injuries
[94], while only in 15-45% of adult spinal injuries [95-97]. This pattern may be
explained by progressive changes at the level of the epiphyses which fuse progres-
sively at different times [53]. The biomechanical maturation of the spine only begins
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to resemble the adult spine after age 8-9[53]. Prior to the age of 10 years, the rela-
tively large head places the fulcrum of flexion and extension at the upper cervical
region, potentially increasing injuries [53]. Cervical spinal fractures are rare while
ligamental dislocations are much more common, due to underdeveloped neck mus-
culature, lax interspinous ligaments, and incomplete vertebral ossification. The
absence of fractures may partially explain the high rate of spinal cord injury without
radiographic abnormalities (SCIWORA) in infants (17%) compared to adolescents
(5%) [98]. Other factors also explain the weakness of pediatric cervical spines and
their tendency to deform: increased water content of intervertebral disks, unfused
epiphyses, shallow facet joints, anteriorly wedged vertebral bodies, and undevel-
oped uncinate processes [53]. All these contribute to a more malleable spine that
puts neural structures at risk, even without bony injury evident on radiographs [53].
Neurological sequelae are largely dependent on the degree of spinal cord injury
(SCI) sustained. A high degree of clinical suspicion is thus warranted for pediatric
blast victims.

2.5.5 Facial Injuries

Primary blast waves inflict different types of injuries on the maxillofacial region
that result from interactions of the blast shockwave with these tissues, resulting in
barotrauma [16]. The stress on impacted areas may be concentrated at certain loca-
tions called stress points; when tension exceeds their tensile strength, collagen
fibers will fracture, and tissues will tear [16]. Primary blast wave impact on the face
may result in transverse mandibular fractures, eye rupture, orbital fractures, tym-
panic membrane rupture, fracture of paranasal sinus walls, facial soft tissue injuries,
and scalping injuries. They are usually associated with injuries to the lung, brain,
and hollow organs; it is relatively uncommon to find isolated facial injuries in sur-
vivors [16]. Exposed wound surfaces are then hit by thermal gases (fireballs) and
suffer burns on top of trauma. Blast winds also carry sand and other particles into
the damaged soft tissues and exposed fractured bones [16].

When the wave impacts bony processes such as the zygomatic process or man-
dibular body and symphysis, the energy released can crush soft tissues between the
compressed air wave contacting the skin surface, and the internal bone surface,
causing skin and subcutaneous contusions. These wounds are characterized by
ragged, tattered, and ecchymosed edges [16]. Because facial skin has strong resis-
tance to primary blast waves, most injuries seen on the cheeks, eyelids, and lips are
due to the combination of primary and secondary biophysical effects [16]. The sus-
pended hot particles in the blast wave or winds impact a maximally stretched skin
at high velocity, resulting in traumatic and deep scratches [16]. These abrasions
facilitate the tearing of tightly stretched collagen fibers, resulting in shredding, lac-
eration, or multiple punctures of all layers of skin in the affected area [16]. Scalping
blast injuries occur when the blast wave strikes the front of the victim’s helmet or
scalp and the resultant maximal stretching exceeds the elastic limits of the skin at
weak points near the eyelids. This leads to the skin tearing along a line between the
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eyebrows and eyelashes consisting of the thinnest skin in the region. This can be
followed by a degloving of the full thickness of the scalp tissue with separation
occurring at another weak attachment at the pericranium and calvarias [16]. The
scalping in this case extends posterior to the coronal suture and usually indicates a
very powerful blast.

2.,5.6 Maxillary Sinus Fracture

Implosion of maxillary sinuses has been proposed as a mechanism of “crushed egg-
shell” fractures of the midface, but experimental evidence for primary blasts caus-
ing facial fractures directly is lacking. Whether caused by primary blasts or
secondary blunt trauma, these types of injuries do occur in victims close to explo-
sions [99]. Rapid external loading of pressure onto the sinus structures compresses
the sinus walls and causes them to splinter [6]. Once the high pressure has abated,
the air re-expands, effectively creating a miniature explosion within the sinuses [6].
This causes more damage to the delicate structures of the nasal area, and this type
of injury occurs when shock waves hit the midface area directly [6]. Alternatively,
when a lateral wave impacts the skeletal structures of the cranium, the lateral por-
tion of the maxillary sinuses is less affected due to the thicker zygomatic buttresses
deflecting the shock wave more effectively than the thinner maxillary bone with a
perpendicular force directly to the front of the face [6].

2.5.7 Mandibular Fracture

The pathophysiology of shock wave impacts at the lateral surface of the body of the
mandible is different from non-blast-related trauma and results in a new type of
fracture seen only in mandibular blast injuries [100]. Most civilian mandibular frac-
tures are vertical to the longitudinal axis of the mandible, as seen in the body, angle,
symphysis, ramus, condyle, and coronoid processes. These fractures are produced
by high tensile strain caused by a traumatic impact, which leads to vertically orien-
tated deformation patterns at points of weakness, causing tensile failure [100]. In
the case of a transverse impact from a blast, wave-particle displacement is perpen-
dicular to the direction of propagation of the wave, and they oscillate up and down
around their individual axis. When the wave encounters the transverse middle part
of the body of the mandible, part of it is reflected at the rigid boundaries (upper and
lower borders) and the other part is transmitted across a less rigid middle part. A
structural difference exists between the different mandibular sections because of
solid cortical bone and the alveolar region, which is reinforced by cylindrical sock-
ets and the strength of dental roots [100]. This causes a shearing fragmentation of
the mandible at the mylohyoid ridge, a weak area in the mandible and attachment
point of the mylohyoid muscle, with separation of muscle and bone [6]. The cancel-
lous and cortical bone at this weaker point split transversely due to the differing
shock absorbing properties of the impacted bone structures, provided the blast wave
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is powerful enough [6]. Because of the factors explained above, blast mandibular
fractures are a unique type of transverse split fracture occurring at the angle of the
mandible [100]. They can manifest as a single line or multiple, almost parallel
shearing lines, in the same region where fragmentation occurs [100].

Teeth are designed to withstand vertical forces; the impact of the blast, however,
strikes the lateral surfaces uniformly, and much of the energy is reflected because of
the convexity of the buccal surface and the hardness of tooth enamel [100]. The root
is protected by the cortical bone of the alveolar socket and by its cylindrical shape
which can deflect some of the energy. A powerful enough blast wave can lead to
flexural failure and shearing (direct or punching shear) at the cementoenamel junc-
tion, resulting in sharp transections at the gingival margins. This type of tooth frac-
ture parallels the displacement of the transverse mandibular fracture segments
[100]. The effects of the blast and the tooth’s structural response depend mainly on
the pressure loading rate, the incoming angle of the blast, and the condition of the
bony structures [100].

2,5.8 AcousticInjury

Hearing loss following blast exposure is the most prevalent primary blast injury
[101, 102] persisting well after the initial insult [103]. Blast pressures exceeding
104 kPa, approximately 1/5th the pressure required for a lethal injury, damage the
tympanic membrane (TM) at the air—tissue interface with a 50% chance of rupture,
in addition to middle ear ossicular damage and subsequent conductive hearing loss
[104, 105]. The pars tensa is the TM area most frequently injured. Although much
less common, dislocation of the incudomalleal or incudostapedial joints can occur,
with or without fractures of the individual ossicles. Orientation of the head relative
to the blast wave could possibly alter the severity for smaller blast loads that cause
isolated auditory injury. Disruption of the ossicular chain may also protect the inner
ear from permanent damage by absorbing the bulk of the pressure wave. In most
cases, inner ear injury is reversible or treatable; temporary hearing loss and tinnitus
are quite common, the severity of which typically decreases at farther distances
from the blast. However, severe cochlear damage may occur: sensorineural hearing
loss is usually permanent in these cases and occurs following excessive pressure
mechanotransduction to the sensitive cochlear hair cells, or through bTBI damaging
the auditory cortex [105].

2,59 Eyelnjury

Despite representing only 0.3% of the anterior body surface area, eyes are often
injured following blasts, with as many as 60% of blast victims undergoing minor
clearance operations [27, 54, 106]. Eye injuries, including globe perforation, are
commonly caused by secondary projectiles after explosions of all sizes.
Interestingly, only one case of ocular primary blast injury (causing hyphemia) has
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been reported in the literature, likely because of the eye’s nearly homogenous den-
sity. Damage to the eye can result from overpressure waves reflecting off the bony
orbit, causing optic nerve and anterior/posterior segment disruption, from second-
ary injuries caused by bone fragmentation, tertiary facial trauma, and chemical or
thermal burns [107, 108]. Mine blasts are thought to cause a high incidence of eye
injuries due to high concentrations of explosive particles, especially affecting chil-
dren whose eyes are closer to the detonation point [7, 106, 109]. As it was described
for the torso and upper limb injuries, the curiosity of children and high-risk behav-
ior in the vicinity of explosives may predispose them to facial and ocular injuries.
Vision loss confers significant long-term morbidity in children. In infants, visual
processing plasticity and binocular vision develop in the first year of life. Monocular
visual impairment can lead to further morbidity through amblyopia and visual
defects [110, 111]. Without adequate social support, these victims are likely to suf-
fer from developmental and educational deficiencies. This happens because 75%
of early learning occurs through vision, and visual impairment at this age translates
into future social and economic challenges to both the individual and the society
[110, 112].
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Ahmad Zaghal and Rebecca Andraos

“Children are not little adults"—PRONCZUK-GABRINO J. Children’s Health and
Environment: A Global Perspective: A Resource Manual For The Health Sector. World
health organization. 2005.

3.1 Introduction

The pediatric population: Who are they?
The pediatric population includes all individuals between birth and 18 years of
age, divided into:

. Neonates: birth—1 month.

. Infants: 1 month-2 years.

. Young children (preschool): 2 years—6 years.

. Older children (school): 6 years—12 years.

. Adolescents: 12—-18 years.

. Some references include toddlers 1-3 years [1].
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This subdivision of the pediatric population helps guide the management
approach in these different age group categories, as they vary in terms of body size
and composition, physiology, and biochemistry. A thorough understanding of the
normal growth and development of children provides solid bases for proper evalua-
tion and assessment of this age group. From birth until 2 years of age, neonates and
infants grow fast:
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. Body weight doubles by 6 months, and triples by the first year of life.

. Body surface area (BSA) doubles during the first year.

. Proportions of body water, fat, and protein continuously change.

. Major organ systems mature in size as well as function.

. Pathophysiology and pharmacology are different than that of adults [1].

[ I S ONI R

Being a diverse group, children vary greatly in anatomy and physiology with
age, rendering pediatric medical care a bit more complicated as compared
to adults.

3.2  Anatomy and Physiology
3.2.1 Developmental Milestones: Step by Step

Children change in several aspects while growing. Obviously, trauma and war inju-
ries are not the ideal contexts for the assessment of developmental milestones; spend-
ing time on such assessment is inefficient and takes away crucial minutes from
possible lifesaving interventions. However, being roughly familiar with the motor,
cognitive, language, and social changes during the different stages of development of
children is of great help in approaching and evaluating injured children. Table 3.1
summarizes the developmental milestones from birth until 3 years of age] [2].

Table 3.1 Developmental milestones

Developmental progress

Motor Fine Motor Cognitive Speech/Language Social/Emotional
0-2 months Demonstrates rooting and Blinks defensively Pays attention to faces. Makes noises social smiles
stepping reflex Follows with eyes. Cries when uncomfortable Tums head to sound self caimin
Lies on back Sucks Shows preference to social tries to look at parents
Holds head in line with body stimul
Moves extremities in a more Reacts to nolses
refined way
2.4 months
Lifts head and chest Reaches out to grasp Tums head to source of noise Babbles ‘Smiles to famillar voices
Pushes feet against hard Holds rattie Establish hand aye Mimics sounds. Fixes eyes on familar faces
surface Sucks in preparation for coordination Reacts o familiar situations
d Reaches for things Mimics facial expressions
4.6 months
Raises head Develops palmar grasp Searches for toys. Respond to soundsby Rocognizes strangers
Rolis over Brings objects to mouth Looks around sounds Looks at salf in the miror
Develops parachute reflex Passes things back and forth Responds to name Laughs out loud
Expresses emotions by
sounds
6.9 months
Develops sideward, forward Stretches to grasp Develops causal Says “dad-dadr, ‘mum- Develops resistance
and backward protaciive reflex Develops finger-thumb grasp connections munt'. Plays “peck a bro”
Bears weights on feet Grasp spoon when fed Shouts Offe
Stands with support Holds, bits and chews Understands ‘no’ and ‘bye Develops strangers anxiaty
Puls 1o stand Picks up tiny objects ye"
Crawls Transfers toys from hand to Reacts to “where is mammy/
Sits alone hand facdy”

Imitate vocal sounds

Walks arround furniture Puts objects in and out of box Shows interest in pictures
Starts to use things correctly

12:18 months

Walks independently Matures release of objects Uses toys functionally. Says first words/single Develops functional play.
Stan Develops pineer grasp Obeys simple instructions. wor Acts out

Crawls upstairs. Holds pencil Shows body parts Understands simple Develops separation anxiety
Kneels Scribbles. Develops self identity instructions Hugs parents

Runs Develops hand preference Imitates. Communicates wishes by

pinpointing or vocalizing

18 months-2 years

Runs safely Scribbles circles Follows 2 step instructions Forms 2 word combinations Recognizing self and familiar
squats. Tums pages Matches squares Speaks 50+ words. adults

Jumps. Uses preferred hand Refers to self by name

Clii

Walks upstairs and downstairs
Sits on a trcycle

2:3 years
v Jump with 2 feet together Draws a circle and Understands action words Pronounees “I" and *YOU* Makes verbalm commentary.
‘Throws and kicks balls horizontal lines in imitation Responds to social information speaks 200+ words during play
Holds pencil in preferred Matches colors Imitates pharases Has tantrums
hand Asks questions. Becomes active
Cuts with toy scissors Conducts meaningful play

Conducts make belief play
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3.2.2 Body Habitus: Size, Shape, and Surface Area

Children and toddlers are by nature smaller than adults, with different body
dimensions and ratios; this potentially affects the response to injury and conse-
quences of trauma. Children have lower physiologic reserves, hence they tend to
deteriorate rapidly; therefore timely and effective hemodynamic support is life-
saving [3].

Children have relatively smaller body masses, hence, any mechanical insult will
transmit into a greater force per unit of the body area, leading to a higher energy
impact on a body with fewer tissues than that of an adult [4]. Organs are also closer
to each other; even seemingly trivial mechanisms of injury may result in significant
multisystem damage [5]. Thereby, it is sensible to expect more severe injuries in
infants compared to adults sustaining the same injury.

Body surface area is proportionately larger in the pediatric age group as com-
pared to adults; the smaller the patient, the larger the ratio of skin surface area to
body mass. This correlates with the basal metabolic rate (basal metabolic decreases
by 1.5-2 times from infancy to adulthood [6]) and minute volume (also proportion-
ately higher in children due to increased respiratory rate [7]), which should be taken
into consideration in assessing the oxygenation and ventilation needs, nutrition sup-
port, fluid resuscitation, and burn assessment. Based on the above, and in addition
to the fact that children have thinner skin and under-keratinized epidermis, children
are more severely affected by skin injuries [7]. Children have limited ability to con-
trol their core temperature caused by the rapid heat exchange with the environment,
hence the utmost importance of controlling the temperature of the resuscitation bay
and keeping it warm enough to avoid hypothermia [4].

Children and infants have disproportionately larger heads as compared to adults;
this results in passive flexion of the neck when the patients are placed supine on a
spine board, which may result in airway obstruction and difficult tracheal intuba-
tion. This can be overcome by placing a layer of padding under the patient’s chest
and abdomen thus compensating for the large head and bringing the neck to a neu-
tral position [4]. Individuals in the pediatric population are generally shorter than
adults, which makes them closer to the ground, and more vulnerable to aerosolized
substances that are heavier than air. They also have a higher proportion of growing
tissues, which are more sensitive to ionizing radiation and some other toxic
agents [7].

Infants have incompletely calcified skeletons, with multiple growth plates in
development, rendering them pliable and unable to provide protection to the inter-
nal organs [4]. The pediatric bone can deform and bend in a plastic way, due to its
capacity to absorb energy, which usually causes “greenstick” fractures [8]. This
also applies to the infantile skull that is anatomically immature, thin, and incom-
pletely ossified, conferring greater shear stress to the brain structures, and as a
result, greater injury [8]. It is very important to realize that the absence of a bone
fracture does not rule out an underlying internal organ injury in the pediatric popu-
lation; this is due to the high degree of flexibility of the bony structures in this
age group.
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3.2.3 Hemodynamic Considerations

In general, the physiologic impact of the injury might not vary significantly between
children and adults, however, the younger the patient, the more differences are
likely to be encountered. Physicians looking after children with trauma should not
be falsely reassured by the fact that this population has plenty of physiologic
reserves, because in this age group the increased metabolic rate mandates a prompt
approach to resuscitation, particularly in the younger patients, as they are prone to
fast physiologic decompensation [9]. It is important to be familiar with the normal
ranges in different age groups in order to accurately assess patients, recognize insta-
bility early on, and avoid failure to recognize injuries (Tables 3.2 and 3.3).

3.2.4 Approach to Pediatric Trauma: What Is Different?!

The general approach to pediatric trauma is similar to that for adults namely the
“ABCDE” acronym, primary, secondary, and tertiary surveys. The concepts under-
pinning trauma evaluation and management are essentially the same; however, the
numerical values, cutoffs, and interpretations in the pediatric population are differ-
ent due to differences in anatomy and physiology.

A (Airway) Individuals that fall under the pediatric population have relatively
larger occiputs, small oral cavities with large tongues, narrow nasal passages, higher
and more anterior larynx with floppy and long epiglottis (at vertebral level C3-C4),
narrow airways, along with soft neck and airway tissues, the compressible floor of
the mouth and short trachea and neck [10]. These anatomic characteristics alter the
techniques and instruments required in airway management, specifically intubation,
which can lead to more rapid obstructive airway problems because of edema and/or
swelling, and render the airways easy to occlude with manipulation, swelling, and
secretions; hence, leading to more difficult incubation and higher rates of accidental
extubations. Failure to appreciate the short trachea in this population may also lead
to one lung ventilation due to right main bronchus intubation, as well as accidental
dislodgment and barotrauma.

B (Breathing) Patients in the pediatric age group have compliant chest walls and
airways. Ribs provide little support to the lungs, leading to poor maintenance of
negative intra-thoracic pressure, and increased work of breathing [10]. In children,
thoracic injuries (such as pulmonary contusions) may occur without rib fractures,
this is caused by the high complaint and elastic chest wall. This anatomic arrange-
ment also results in suboptimal protection of the thoracic abdominal organs putting
the latter at higher risk for injury even with minimal trauma. In young children, the
intercostal muscles are still underdeveloped; thus, the diaphragm bares the work of
breathing in inspiration and maintains minute ventilation. Children tend to breathe
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Table 3.2 Estimated blood

volume (EBV) per age Age Estimated Blood Volume
Premature Neomate 90-100 ml/kg
Term Neonate 80-90 ml/kg
3 months-1 year 75-80 ml/kg
3-6 years 70-75 ml/kg
>6 years 65-70 ml/kg

This table is derived from the contents of “SHARMA A,
COCKEREL H. Mary Sheridan’s From Birth to 5 Years, Children
Developmental Progress. Fourth edition: Routledge Taylor
Francis Group, London and New York; 2014.”

rapidly taking smaller tidal volumes, which makes the diaphragmatic muscle fibers
prone to fatigue earlier [11]. These anatomic facts are the reason behind the dia-
phragmatic breathing pattern in the pediatric population, which can by itself cause
respiratory failure with gastric distention, diaphragmatic injury, or simple physio-
logic diaphragmatic fatigue. Individuals under 18 years of age have a lower func-
tional residual capacity (FRC) and high oxygen consumption; this puts them at
higher risk of rapid desaturation, especially after pre-oxygenation and during laryn-
goscopy time. The low FRC is below the closing capacity, which can lead to small
airway closure, atelectasis, ventilation/perfusion imbalance, and hemoglobin desat-
uration [10]. Physicians and nurses looking after injured children need to be aware
of the normal range and variations of the respiratory rate with age, so that not to
miss or overrate injuries [7]. Higher respiratory rates in younger children, lead to
proportionately higher minute volumes, making these individuals more susceptible
to injury with inhaled toxic substances. Securing the airways with proper oxygen-
ation and ventilation has always been a crucial step in trauma assessment and man-
agement; and it is even more critical in pediatric patients, given that failure to protect
the Airway (A) and Breathing (B) are the most common causes of pediatric cardiac
arrest [4].

C (Circulation) Children have higher blood volume per body weight, smaller total
circulatory volume, and higher cardiac index, which can lead to rapid exsanguina-
tion in case of massive bleeding. Less stroke volume variation in this population
gives more significance to tachycardia in response to hypovolemia, and the increased
cardiovascular compensation to hypovolemia might delay hypotension as a mani-
festation of hypovolemia. Securing intravenous (IV) access may be difficult in
young children, toddlers, and infants due to their small caliber peripheral vessels;
therefore, the use of ultrasound, if available, can be extremely helpful in ensuring
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Table 3.3 Normal pediatric physiologic ranges

Guide BRR atrest HR beafts BP Systolic
Age weight rean:l;: il psﬁr_;;lt? 5th 50t 95th
L) 5h.95thcentile centile  centile centile centile
Birth 35 25-50 120-170 | 65-75 | 80-90 105
1month | 45
3months| 6.5 25-45 115-160
6 months 8 20-40 110-160 | 70-75 | 85-95
12 9.5
months
18 11 20-35 100-155 | 70-80 | 85-100| 110
months
2 years 12 20-30 100-150
3 years 14 90-140
4 years 16 80-135
5 years 18 80-90 | 90-110 |110-120
6 years 21 80-130
7 years 23
8 years 25 15-25 70-120
9 years 28
10 years 31
11 years 35
12 years 43 12-24 65-115 | 90-105 (100-120|125-140
14 years 50 60-110
Adult 70

From “Pediatric Blast Injury Field Manual. The Pediatrics Blast Injury Partnership. 2019. Section
5, p. 27. [https://www.imperial.ac.uk/blast-injury/research/networks/the-paediatric-blast-injury-

partnership/] York; 2014~

This table is derived from the contents of “CHIDANANDA SWAMY MN, MALLIKARJUN
D. Applied Aspects of Anatomy and Physiology of Relevance to Pediatric Anesthesia. Indian J
Anaesth. 2004; 48(5):333-339. [http://medind.nic.in/iad/t04/i5/iadt04i5p333.pdf]”


https://www.imperial.ac.uk/blast-injury/research/networks/the-paediatric-blast-injury-partnership/
https://www.imperial.ac.uk/blast-injury/research/networks/the-paediatric-blast-injury-partnership/
http://medind.nic.in/iad/t04/i5/iadt04i5p333.pdf
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reliable venous access in a timely fashion. Alternative routes for fluid and medica-
tion administration, such as intraosseous access, should always be entertained in
cases of failed attempts at obtaining peripheral venous access. Pulse rate and blood
pressure also vary with age; it is important to be familiar with the normal ranges in
different age groups to avoid missing injuries in children.

The systemic response to blood loss in pediatric patients follows the below
pattern:

¢ In mild volume blood loss (<30%), children will have increased heart rate, with
a weak thready peripheral pulse, but normal systolic blood pressure and pulse
pressure. Skin will be cool, mottled with a prolonged capillary refill, and urine
output will be low to very low. The child can be anxious, irritable, or even
confused.

* In moderate volume blood loss (30—45%), children will have a markedly
increased heart rate, with a weak thready central pulse, a low normal systolic
blood pressure, and a narrowed pulse pressure. The skin will be cyanotic, with
mar redly prolonged capillary refill. Minimal urine output and the child will be
lethargic with dulled response to pain.

e In severe blood volume loss (>45%), children will suffer from tachycardia fol-
lowed by bradycardia, with very weak to absent central pulse, hypotension, and
narrowed pulse pressure (diastolic blood pressure can be undetectable at times).
The child will be pale and cold, comatose, with no urine output [4].

D (Disability) Pediatric patients have a higher propensity to develop hypoglyce-
mia due to low glycogen stores and high metabolic rates. They also have a more
permeable blood—brain barrier; hence, hypotonic/hyponatremic fluids may lead to
cerebral edema, and hence should be avoided as resuscitation fluid choices [12].

E (Exposure) Patients in the pediatric age group lose heat faster than adults due to
a higher surface body area-to-weight ratio, and are therefore more susceptible to
hypothermia [12].

3.3 Assessment

Just like in adults, the initial assessment of trauma patients should be systematic and
as efficient as possible. Primary and secondary surveys should be completed in
minutes. However, tasks in assessing children are generally more complex than
in adults.

In normal situations, there are communication barriers and maturity challenges
in dealing with children, let alone in a state of trauma and war. It is usually not
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straightforward to obtain proper history and perform physical examinations on
children.

The psychological status of children in trauma plays a key role in their assess-
ment. Children are often emotionally unstable in events of stress, pain, and threaten-
ing environments, which provokes regressive psychological behavior, and decreases
the child’s ability to interact with strangers [4]. If possible, do not separate children
from their caregivers, use distracting techniques, especially with those in pain,
engage the child whenever it is appropriate, and rely on non-verbal cues such as
facial expressions, and body posture. It is hard to establish rapport in situations of
mass casualty but would be of great help if feasible. We need to keep in mind that
these children are afraid, angry, and anxious, on top of being injured; if we approach
them with that perspective in mind, we might be able to achieve a more accurate
assessment [12].

3.4 Treatment
3.4.1 Equipment

The tools required during pediatric resuscitation differ from those used in the adult
population, especially in terms of size and sometimes shape, to adapt to the pediat-
ric anatomy.

Below are a few notes on major pediatric equipment needed [4].

Airway and breathing:

e 02 masks: secure premie, newborn, and pediatric sizes.

e Oral airways: secure infant, small and medium sizes.

e Bag-valves: secure infant and pediatric sizes.

e Laryngoscopes: secure size O straight for premies less than 3 kg of weight, size
1 straight for newborns with weight more than 3.5 kg till the age of 3 years, size
2 straight or curved for ages 4 till 10 years.

e ET tubes: secure sizes 2.5-3.0 non-cuffed (premie with weight less than 3 kg),
3.0-3.5 non-cuffed (age 0—6 months with weight more than 3.5 kg), 3.5-4.0
cuffed or non-cuffed (6—12 months of age), 4.5-5.0 cuffed or non-cuffed (ages
1-3 years), 5.0-5.5 non-cuffed (ages 4-7 years), 5.5-6.5 cuffed (ages 8—10 years).

e Stylets: secure sizes 6 Fr (newborns till the age of 3), 14 Fr (ages 4-10).

e Suction catheters: secure sizes 6—8 Fr (premies <3 kg), 8 Fr (newborn - 6 months
of age), 8—10 Fr (ages 6 -12 months), 10 Fr (1-3 years of age), 14 Fr (ages 4-10).

Circulation:

e BP cuffs: secure premie, newborn, infant, and child sizes.



w

Physiologic Considerations in Pediatric Population 53

e IV angio-catheters: secure sizes 22-24 Ga (premie <3 kg), 22 Ga (newborns of
weight > 3.5 kg till 12 months of age), 20-22 Ga (ages 1-3 years), 20 Ga (ages
4-7 years), 18-20 Ga (ages 8—10 years).

Supplemental equipment:

e Oro-gastric/Nasogastric tubes: Size 8 Fr (premies <3 kg), 10 Fr (newborn
>3.5 kg—6 months of age), 12 Fr (ages 6 months—7 years), 14 Fr (8-10 years).

e Chesttubes: Size 10-14 Fr (premies <3 kg), 12—18 Fr (newborn >3.5 kg—6 months
of age), 14-20 Fr (ages 6—12 months), 14-24 Fr (ages 1-3 years), 20-28 Fr (ages
4-7 years), 28-32 Fr (ages 8-10 years).

e Urinary catheters: 5 Fr feeding tube or foley catheter (premies <3 kg), 6 Fr or 5-8
Fr feeding tube or foley catheter (newborn >3.5 kg—6 months of age), 8 Fr (ages
6-12 months), 10 Fr (ages 1-3 years), 10-12 Fr (ages 4-7 years), 12 Fr (ages
8-10 years).

e Cervical collars: small and medium sizes.

Adult equipment should also be available for children older than 10 years of age,
or with adult height and weight.

3.4.2 Pediatric Doses and Side Effects

Commercially available length-based resuscitation tapes (such as Breslow) are
helpful adjuncts to quickly estimate the weight of children in trauma settings to
determine proper dosages of medications, resuscitative fluid volumes, and sizes of
equipment [4].

3.4.3 Interventions

Given the nature of pediatric anatomy and physiology, interventions should be con-
ducted with care and attention to the important differences as compared to adults.

In regards to airway management, nasopharyngeal airway placement is difficult
in children under 1 year of age due to the small diameter of the nares [13]; this is
also not easy in children under 8 years due to the physiologic hypertrophy of the
adenoids and tonsils [3]. Caution must be exercised when inserting these devices to
avoid bleeding, because of the high vascularity and fragility of the nasal mucosa [5].
In adults, oropharyngeal airways are placed backward and then rotated 180 degrees
while advancing into the oropharynx; this practice is not favored in smaller children
as it may lead to injury of the soft tissues of the oropharynx [4].

In the past, cuffed ET tubes were avoided in infants and young children due to
the risk of pressure-induced tracheal ischemic injury. An effective functional seal is
obtained from the functional narrowing of the airway at the subglottic level. Yet,
new studies have shown that a low-pressure high-volume ETT is safe and effective
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in the pediatric population. Cuffed tubes have higher chances of correct placement
from the first attempt, deliver better tidal volumes due to less leak during ventila-
tion, and have no increased rate in short-term post-extubation respiratory complica-
tions, or long-term adverse events [14]. The size of the cuff in these tubes can be
also adjusted by air inflation/deflation, in cases of air leak, decreasing the rate of
tube changes and re-intubations in children suffering from inadequate oxygenation
or ventilation due to air leaks [2]. In addition to the above, and based on the latest
ATLS guidelines (2018), the newly designed cuffed endotracheal tubes are safe and
less likely to cause mucosal necrosis as originally thought [4]. Hence, cuffed tubes
are now used for young individuals, requiring meticulous attention to size, cuff
pressure (<30 mmHg), and exact placement [3]. For laryngoscopes, straight blades
are wildly used in infants [5], and curved can only be used for older children.

Surgical cricothyroidotomy is not advised under the age of 12 years because of
the potential risk for laryngeal injury [4]; and, needle cricothyroidotomy is more
difficult in the pediatric population due to their short cricothyroid membrane [3].

Regarding interventions to improve ventilation, needle thoracotomy should be
applied with caution, especially in infants and small children using 14-18 gauge
over-the-needle catheters, as longer might cause a pneumothorax rather than resolve
it [4]. Needle thoracotomy, when indicated, is a lifesaving procedure, and is not
harmful when done properly.

When it comes to the diagnostic adjuncts, getting a child to the CT scan might be
more challenging than in adults, as children will more often require sedation to
prevent movement during imaging and get reliable results. The utility of FAST is
still uncertain in pediatric trauma; it remains debatable due to its low sensitivity and
high false-negative rates, hence it should not be used as independent diagnostic
imaging for intra-abdominal injuries in the pediatric population [4].

In a few words, the pediatric population is distinct from the adult population in
multiple aspects, and extrapolation from adult physiology is not an accurate prac-
tice. We need to have a thorough understanding of children’s bodies and functions,
and how to interpret their signs and symptoms for proper diagnosis and management.
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4.1 Introduction

Resuscitation of war-injured children is challenging. It must be accurate and fast
paced. Instant information gathering is crucial for performing rapid diagnostic and
therapeutic interventions. The health care providers should immediately differenti-
ate between patients who will and will not need immediate intervention.

The initial evaluation and management of a war-injured child follow well-
established international guidelines published such as the Pediatric Advanced Life
Support by the American Heart Association or the European Resuscitation Council
guidelines [1, 2]. It starts with an initial impression that includes the child’s appear-
ance, breathing, and color, that only takes a few seconds. It aims to detect children
who need immediate intervention. If the child is unresponsive with no breathing or
only gasping, the care provider should activate the emergency response and check
for a pulse. For pulseless patients, Cardiopulmonary resuscitation (CPR) must be
initiated, and the adopted Pediatric Advanced Life Support algorithm followed [1, 2].

In patients with a pulse and breathing, the initial impression is followed by a
primary assessment that quickly estimates the patient’s physiologic state. It exam-
ines the circulation, airway patency, breathing pattern, disability (to evaluate the
neurologic function), and exposure where the child is undressed to perform a
focused detailed physical exam of the entire body, looking for signs of bleeding,
burns, bruises, and injury to the extremities. This is followed by a secondary head-
to-toe assessment to look for other potential injuries.

In this chapter, we will be focusing on the initial resuscitation and cardiovascular
system of children presenting after a war injury with special consideration for
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children who are malnourished. One of the common clinical presentations of chil-
dren will be in a state of shock.

The primary survey’s goal is to recognize and manage rather than define the
specific etiology of shock [3]. The aim is the improve oxygen delivery and tissue
perfusion and prevent progression to cardiac arrest. Children have a greater physi-
ological reserve; hence, early identification of cardiovascular compromise is more
challenging than adults [3]. The health care provider must be alert to warning signs
like tachycardia, poor peripheral and weakened central pulses, narrow pulse pres-
sure, and decreased level of consciousness early on. Hypotension is usually a late
finding. In fact, up to a 30% decrease in circulating blood volume is needed to cause
a diminution in a child’s systolic blood pressure.

Victims of war injuries are predisposed to three main types of shock: hypovole-
mic, obstructive, and neurogenic shocks. Before tackling these three types individu-
ally, it is crucial to mention some fundamentals in shock management. Shock is a
complex state of circulatory dysfunction that results in failure to deliver or use suf-
ficient amounts of oxygen and other nutrients to meet tissue metabolic demands [3].
Rapid identification and intervention in shock are crucial to improving outcomes. If
left untreated, shock may progress rapidly to cardiopulmonary arrest leading to
death. In order to optimize the oxygen content of the blood, it is advisable to apply
a high concentration of oxygen (non-rebreather mask) immediately even if the child
is not exhibiting any signs of respiratory distress. In cases where the child is tachy-
pneic, it will allow decreasing the work of breathing, therefore decreasing the oxy-
gen demand. The caring team can as well decrease oxygen demand by addressing
pain, anxiety, fever, and infection (e.g., the patient is hemodynamically stable,
allowing him or her to remain sitting in the arms of the caregiver).

4.2 Hypovolemic Shock
4.2.1 Definition and Etiology

Hypovolemic shock in a war-injured child might be a hemorrhagic shock secondary
to a definite external or internal blood loss (intrathoracic, gastrointestinal, intra-
abdominal, major vessel injury, fractures). It can be as well non-hemorrhagic sec-
ondary to plasma leak such as in severe burn cases.

On presentation, patients in hypovolemic shock will be tachycardic and tachy-
pneic. Neither tachycardia nor tachypnea can be used as a criterion for diagnosing
cardiovascular compromise, as in children both can be exaggerated secondary to
pain or anxiety. They must be combined with other parameters [4] (Table 4.1).

Peripheral pulses are usually weak or absent while the central ones might be
normal or weak. In fact, central and peripheral pulses should be palpated as a rapid
way to detect hypotension before measuring blood pressure. In hypotension, pulses
are progressively lost in the wrist or feet, followed by the groin and then the neck.
Thus, palpation for the pulses in all these areas is very essential to estimate the
degree of hypotension [3].
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Table 4.1 Normal vital functions by age group (Adopted from Advanced Trauma Life Support
10th edition)

Weight Blood
range (in Heart rate  pressure (mm Respiratory rate  Urinary output
Age group  kg) (beats/min) Hg) (breaths/min) (ml/kg/hour)
Infant 0-10 <160 >60 <60 2.0
0-12 months
Toddler 10-14 <150 >70 <40 1.5
1-2 years
Preschool 14-18 <140 >75 <35 1.0
3-5 years
School age  18-36 <120 >80 <30 1.0
6-12 years
Adolescent  36-70 <100 >90 <30 0.5
>13 years

Initially, the blood pressure might be adequate (compensated shock), with nar-
row pulse pressure. When taking blood pressure, the appropriate size cuff must be
used. It must be taken periodically throughout the resuscitation to ensure hemody-
namic stability. As a rule, the lower limit of normal systolic blood pressure in chil-
dren is 70 mmHg +2 x age in years (e.g., for a 4-year-old child the lower limit for
systolic BP would be 78 mm Hg).

Additional findings in patients with hypovolemic shock: delayed capillary refill,
cool to cold mottled skin, decreased level of consciousness, and oliguria (low nor-
mal for infants is 2 ml/kg/h, 1.5 ml/kg/h in the younger child, 1 ml/kg/h in older
children, and 0.5 ml/kg/h in adolescents) (Table 4.1).

4.3 Management
4.3.1 Venous Access

Administration of fluids requires the establishment of intravenous access. Options
include peripheral intravenous, intraosseous, or central venous access. The pre-
ferred route is the peripheral percutaneous one. If access is unsuccessful after two
attempts, the intraosseous (I0) route must be considered [3]. IO access consists of
inserting a needle into the marrow cavity of a long bone in an uninjured extremity.
It is a rapid procedure that requires minimal training. The preferred site is the
anteromedial tibia followed by the distal femur. If no special IO needle is available
then an 18-gauge needle is used in infants and a 15-gauge in young children.
When the child is older or when the IO equipment is not available a percutaneous
central venous catheter can be placed. The femoral vein is the preferred site for
central line insertion in an injured child. It can be placed without interfering with
ongoing assessment and management. However, if there is suspicion of intra-
abdominal injuries, the femoral route is no longer the site of choice. The external
jugular vein access is a good option but experienced staff should perform cannula-
tion preferably. It is recommended to avoid the external jugular vein in case of
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airway compromise or suspicion of any spinal cord injury. A direct venous cutdown
done by an experienced physician is the last resort since this procedure is more time
consuming [4].

4.3.2 Fluid Resuscitation

Hemorrhagic hypovolemic shock: Healthy children, with intact compensatory
mechanisms, can tolerate acute blood losses of 10-15%. Losing acutely, 25% or
more of the circulating blood volume frequently results in hypovolemic hemor-
rhagic shock that requires immediate, aggressive management [3]. Hemorrhagic
shock is classified as mild, moderate, or severe according to the estimated amount
of blood loss (Table 4.2).

During the primary survey of a hemorrhagic hypovolemic shock, the caring team
has to control external bleeding by direct manual pressure and by applying ban-
dages. Also, they will need to splint the pelvis in case of a suspected bleed.

Fluid resuscitation with rapid infusion of isotonic crystalloid (normal saline or
Lactated Ringers—LR) in boluses of 20 ml/kg, reaching up to 60 ml/kg over a few
minutes. Each bolus is administered over 5-20 min. The patient should be assessed
after each bolus. Note that 60 ml/kg of crystalloid fluids are needed to restore 25%
of the lost volume [3, 4].

If the child remains hemodynamically unstable after 2-3 boluses of 20 ml/kg,
consider 10 ml/kg PRBC transfusion, O negative type, if crossmatched blood is not
available. It is recommended to transfuse PRBC in hemorrhagic shock if

Table 4.2 Systemic response to blood loss in pediatric patients (Adopted from Advanced Trauma
Life Support 10th edition)

Mild blood volume Moderate blood volume  Severe blood volume
loss loss loss
System <30% 30-45% >45%
Cardiovascular * Increased heart rate ¢ Markedly increased ¢ Tachycardia
* Weak, thready heart rate followed by
peripheral pulses * Weak, thread central bradycardia

Central nervous
system

Skin

Urine output

Normal systolic
blood pressure
Normal pulse
pressures

Anxious

Irritable

Confused

Cool, mottled:
Prolonged capillary
refill

Low to very low

pulses

* Absent peripheral
pulses

* Low normal systolic
blood pressure

* Narrowed pulse
pressure

 Lethargic

* Dulled response to
pain

* Cyanotic: Markedly
prolonged capillary
refill

* Minimal

¢ Very weak or absent
central pulses

* Absent peripheral
pulses

* Hypotension

* Narrowed pulse
pressure

e Comatose

Pale and cold

* None
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hypotension is refractory to crystalloid or if the amount of blood loss is known to be
significant. The involvement of a surgeon at this stage is highly recommended for
possible ongoing hemorrhage and the need for surgical intervention.

In case of severe hemorrhage, a massive transfusion protocol should be initiated.
The patient would receive PRBC, Fresh Frozen Plasma, and platelets in a 1:1:1 ratio
[5] 10 ml/kg each.

Vasoactive agents are not routinely indicated in the management of hypovole-
mic shock. However, in severe cases, fluid refractory hypotension and shock may
benefit from a short-term administration of inotrope-like epinephrine (adrenaline)
to improve the cardiac contractility, until appropriate fluid resuscitation is
achieved [4].

Signs that indicate good response to fluid resuscitation include:

* Slowing of the heart rate.

e Improved peripheral pulses and warmth of extremities.
e Improving systolic blood pressure and urine output.

e Better level of consciousness.

Inserting a urinary catheter for accurate measurement of urine output is highly
recommended as it allows for a better assessment of the child’s response to fluid
resuscitation.

4.3.3 Non-hemorrhagic Shock

Thermal burns, secondary to blast injuries remain one of the major causes of mortal-
ity in war-injured kids. Assessment of burn patients consists of identifying the depth
and extent of burnt areas using simplified diagrams as illustrated in Fig. 4.1.

Their management follows that of other thermal injuries. First, stop the burning
process, remove the clothing, and wash the burnt area with lukewarm water.
Examine the extent and depth of the burn.

Resuscitation is done for infants and children with 10% or greater total body
surface area (TBSA) partial or full thickness burns and teenagers with 15% or
greater TBSA burns. Guidelines are based on two formulas: The Parkland and the
modified Brooke. However, it should always be individualized to every patient, with
the aim to restore perfusion without causing fluid overload [4].

The Parkland formula is most commonly used and recommends the total admin-
istration of 4 ml/kg/%TBSA burn over the first 24 h post-injury. For the first 8 h, the
patient would receive one-half of this volume with the remaining volume delivered
during the next 16 hours.

The modified Brooke formula recommends 2 ml/kg/%TBSA burn of balanced
salt solution over the first 24 h of injury.

Hence, resuscitation strategies in children should consist of the administration of
estimated basal fluid requirements in addition to the replacement of fluid losses
secondary to burn injury calculated by the above-mentioned formulas.
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Pediatric

Adult

Fig.4.1 Rule of nines. This practical guide is used to evaluate the severity of burns and determine
fluid management. The adult body is generally divided into surface areas of 9% each and/or frac-
tions or multiples of 9% (Adopted from Advanced Trauma Life Support 10th edition)
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Very small children (i.e., <30 kg), should receive maintenance fluids of Dextrose 5%
Lactated Ringer in addition to the burn resuscitation fluid to avoid hypoglycemia [4].

Colloid use in resuscitation remains controversial. It might be necessary to
administer in severe cases due to rapid protein depletion [3].

Fluid infusion must be titrated to avoid under or over-resuscitation. Risks of fluid
overload in burn patients include pneumonia, ARDS, bloodstream infection, and
compartment syndrome in the extremities and abdomen [3].

Patients with blast injuries are always at risk of sustaining inhalation, blast lung,
or chest injury. When these coexist, resuscitation is complicated by conflicting fluid
requirements. Thus, fluid infusion in these cases must be tailored to each patient [4].

4.3.4 Additional Considerations

Once the patient is hemodynamically stable, pain control can be achieved with
Morphine boluses and continuous infusion if needed, hypoglycemia and hypother-
mia should be addressed before proceeding to other investigations. Thermoregulation
is crucial because hypothermia may affect the central nervous system function, pro-
long coagulation time and make the child refractory to treatment. Health care pro-
viders must always remember to keep the patient covered once the initial survey is
done or after any procedure.

If available, laboratory studies can include hemoglobin, blood group, glucose,
serum electrolytes, and bleeding profile. X-rays might be needed to rule out frac-
tures and pneumothorax.

If available Point of care ultrasound is a valuable tool to rule out pericardial and
pleural effusion as well as abdominal injuries or bleeding.

4.4  Special Population

In war zone areas, malnutrition poses a real threat. For example, a study done in
Yemen in 2019 found that 13.3% of all screened children had acute malnutrition [6].
Resuscitation of children with severe acute malnutrition has its own considerations.
These patients are at risk of pulmonary edema and cardiogenic shock in case of
aggressive fluid resuscitation.

Severe acute malnutrition (SAM) is diagnosed when any of these criteria are met:

e Weight for length/height is less than 3 standard deviation.
e Mid-upper arm circumference is less than 115 millimeters.
¢ Edema of both feet (Kwashiorkor) or severe wasting (Marasmus).

Oral route rehydration is recommended for patients with SAM not presenting
in shock.

For patients with SAM presenting in shock, careful IV resuscitation is done to
prevent pulmonary edema and cardiogenic shock. Give fluids 15 ml/kg (LR, or
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half normal saline plus D5%) over 1 h and re-assess. If hemodynamics of the
patient improves and no sign of pulmonary edema, administer a second bolus over
1 h then start oral or nasogastric rehydration with Rehydrating Solution for
Malnutrition (oral rehydrating solution with high potassium and low sodium con-
tents) at 10 ml/kg/h up to 10 h. Refeeding can be later started using special formu-
las if available such as F-100 and F-75 [6]. Close monitoring of temperature and
glucose levels should be done, and antibiotics coverage is recommended.

If no improvement after 2 boluses of 15 ml/kg of fluids, start [V maintenance at
a rate of 4 ml/kg/h and consider blood transfusion at a rate of 10 ml/kg over 3 h.
Then, refeeding with the special formula can be initiated. In case of clinical deterio-
ration, with new signs of cardiogenic shock, stop IV fluids, and consider inotropic
support and intubation [7].

4.5 Obstructive Shock

An obstructive shock refers to a condition where blood outflow or return to the heart
is physically impaired, despite the normal intravascular volume and cardiac func-
tion. The result would be a decrease in cardiac output. The etiologies might be
located in the pulmonary or systemic circulation or associated with the heart itself.
Examples leading to obstructive shock that are relevant to our topic include pericar-
dial tamponade, tension pneumothorax, or hemothorax.

4,5.1 CardiacTamponade

It is an accumulation of fluid, blood, or air in the pericardial space, leading to car-
diac compression, reducing ventricular filling, and decreasing the stroke volume
and cardiac output. Patients with cardiac tamponade might be in respiratory dis-
tress, typically they have muffled or decreased heart sounds and pulsus paradoxus
(decrease in systolic blood pressure by more than 10 mmHg during spontaneous
inspiration) and distended neck veins. Patients with cardiac tamponade might
improve temporarily with fluid resuscitation, to boost the cardiac output. The ulti-
mate treatment is drainage via pericardiocentesis [4].

4.5.2 Tension Pneumothorax or Hemothorax

It is the entry and accumulation of air or blood in the pleural space under pressure.
An ongoing leak will create tension. As the pressure increases, it compresses the
lung and pushes the mediastinum to the other side of the chest. The high intratho-
racic pressure and the compression of vital mediastinal organs obstruct the venous
return, ensuing in a rapid decline in cardiac output [4].

It is important to keep tension pneumothorax or hemothorax on the differential.
Missing it on the physical exam can lead to unnecessary periods of hypotension and
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shock that might be life threatening. The physician should look for decreased breath
sounds on one side. If highly suspected, inserting a large bore IV cannula with an
attached syringe into the second intercostal space in the mid-clavicular line on the
side of the pneumothorax will allow for immediate relief and improvement in the
child’s hemodynamics. This is to be followed by chest tube insertion inserted in the
mid-axillary line in the fifth intercostal space.

The diagnosis is clinical in a hemodynamically unstable child and should not be
delayed awaiting a chest X-Ray. In a hemodynamically stable (no hypoxia, no respi-
ratory distress, no hypotension) child, however, consider getting an early chest
X-Ray as this will prevent the insertion of a potentially unnecessary chest tube and
subject the child to a painful procedure.

4.6 Neurogenic Shock: Spinal Cord Injury

Spinal cord injury evaluation in children remains a challenge for any physician; this
is due to the differences from adults and the inability of the child to communicate
well. The cervical spine is the most vulnerable to injury. Children are at higher risk
to sustain spinal cord injury without radiographic abnormalities (SCIWORA).
Thus, when there is a high suspicion of a severe cervical spine or spinal cord injury,
always immobilize the head and neck, even if X-rays are negative until proper con-
sultation and imaging are done.

Neurogenic shock refers to hypotension usually accompanied by bradycardia
secondary to the injury to the autonomic pathways in the spinal cord. The injured
areas are usually in the cervical or upper thoracic spinal cord, rarely below T6. This
condition leads to loss of vasomotor tone (causing vasodilation and pooling of blood
in visceral and lower extremity vessels thus hypotension) and it also causes loss of
sympathetic innervation to the heart resulting in bradycardia.

Hypotension secondary to spinal cord injury might not respond to fluid infusion.
Vasopressors should be started after moderate volume replacement.
Hemodynamically significant bradycardia can be counteracted by atropine or exter-
nal pacing [3].

4.7 In Summary (Fig. 4.2)

1. If the child is unresponsive or gasping during the initial impression, activate
emergency response and check pulse. For pulseless patients start CPR and fol-
low the adopted Pediatric Advanced Life Support Algorithm.

2. If hemodynamically stable, with good urine output and blood pressure, start IV
fluids at maintenance rate and admit for further management.

3. If hemodynamically unstable, start IV fluid boluses of isotonic fluid (Normal
saline or Lactated Ringers) at 20 ml/kg over 5-20 min. If after three boluses the
patient remains hemodynamically unstable, proceed with PRBC transfusion.
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Patient presenting
with shock

Hypovolemic | Obstructive shock Neurogenic shock

Tension Tamponade
pneumo/
hemothorax
Hemorrhagic Non-Hemorrhagic
i.e. >10% TBSA deep 20ml/kg IV NSS
partial or full bolus Early vasopressor
thickness burns administration
Consult

surgery team 20 ml/kg
IV/10 isotonic fluids
up to 60 ml/kg

4 ml/kg/% TBSA +
maintenance
isotonic fluids

10 mL/kg warm PRBC

10 ml/kg plasma and
10 ml/kg platelets

Fig. 4.2 Management algorithm for the pediatric patient presenting in shock in post-war injury

4. If ongoing, blood loss or if hemodynamically unstable, activate massive transfu-
sion protocol and consider early surgery.

5. Titrate to each patient’s response (urine output and blood pressure), and avoid
under or over-resuscitation.

6. Consider potential inhalation injury with thermal injuries. Consult specialists
and consider transfer to specialized centers, if the patient is hemodynami-
cally stable.

7. Immediate needle decompression in case of pneumothorax and pericardiocente-
sis in case of cardiac tamponade.
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5.1 Introduction

In times of war, children represent a substantial section of traumatic injuries that
come upon in a modern war zone; where many of them are severely injured [1]. In
a study done in a conflict zone in Rawanda Chad, where there was the French army,
the language was a big barrier between health care workers and native people [1].

Pediatric victims affected by blast injuries constitute an extremely large resource
burden on operative workload and the health care system during wars [2]. Refining
the consequences of the injured child necessitate individualized approaches since
childhood injuries are foreseen as a significant public health issue [3]. Therefore, it
is highly important to have a well-prepared health care sector in such environments
in order to take care of the vulnerable population [1].

Since the pediatric population are the most commonly encountered casualties in
field hospitals during war periods, resuscitating these patients require the presence
of pediatric intensivist and nurses with pediatric training [1]. Pediatric nurses often
work in a team of pediatric health care professionals [1]. Pediatric nurses are con-
sidered very knowledgeable about children’s milestones. They know how to interact
and care for children with different developmental levels. In addition, they know the
importance of engaging parents in the plan of care for the child [2].
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5.2  Triage in War Zones

Triage in nursing is very crucial in the management of casualties during wartime or
in natural disasters. It is the ethics of doing “the greatest good for the greatest num-
ber” [4].

Triage is referred to when the medical care system is burdened. It allows health
care workers to have a rational utilization of assets in order to cover a greater num-
ber of patients [4]. Many difficulties usually arise when doing triage. In a study
done in Rwanda in Chad a conflict zone where the French army was there, it was
found that language was a barrier where health care workers were of different
nationalities and could not communicate well with patients [4]. As for triage with
children, it was even harder, because it is more difficult to communicate with young
children, or terrified ones especially if they are without their parents [4].

On battlefields, nurses and physicians usually do triage and the priority of treat-
ment is given to head wounds because craniocerebral injuries are considered the
most severe and life-threatening [4]. If children and adults present with similar inju-
ries, children are treated first [5]. Studies show that there is a huge lack of knowl-
edge and responsiveness between nurses and physicians regarding emergency and
disaster preparedness plans during war times [6].

Triage in pediatric emergencies is an important means to prioritize critically ill
children [5]. It is a method to identify patients who are not in need of urgent care
[5]. In a quick assessment of 30-60 seconds, a triage nurse will be able to identify
the patient’s illness severity, by collecting sufficient information and taking vital
signs measures. A triage nurse will also make sure that all pediatric patients are tri-
aged within 10 min of their arrival at the emergency department [5].

The 5-level triage system and nurse-initiated emergency care pathways have
been shown to be an approach that facilitates the delivery of care and reduces the
risks of mortality in the emergency department [7]. In addition, the Pediatric
Emergency Triage, Assessment, and Treatment (ETAT) has been published in 2005
by the World Health Organization (WHO) which includes guidelines and training
materials for nurses to do appropriate triage, especially in mass gatherings [6].
Therefore, it is evident that emergency medical services, trauma systems, and disas-
ter response systems should include a pediatric trauma system for it to be successful
at local, regional, and national levels [3]. These systems allow for prompt commu-
nication, earlier recognition of critical injuries, and continuing education for trauma
and emergency care providers [6].

5.3 Emergency Signs in Pediatric Patients

— Obstructed or absent breathing.

— Severe respiratory distress.

— Central cyanosis.

— Signs of shock (defined as cold extremities with capillary refill time > 3 s and
weak, fast pulse).
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— Coma (or seriously reduced level of consciousness).

— Seizures.

— Signs of severe dehydration in a child with diarrhea with any two of the follow-
ing signs: lethargy or unconsciousness, sunken eyes, and very slow return of skin
after pinching [8].

“Children are not little adults” as per Suzan Hoover in her study about
Understanding and managing pediatric trauma [9]. The assessment and manage-
ment of pediatric victims are different from that of adults because of the anatomical,
physiological, and psychological differences between the two [10]. The force of an
impact on the child spread widely through the body, resulting in multisystem inju-
ries in almost 50% of children with serious trauma [10]. Therefore, it is important
for health care workers especially nurses, to understand the differences in the anat-
omy and physiology of pediatric patients in order to be able to provide them with
optimal care [9].

5.4 Primary and Secondary Assessments

Pediatric nurses in war zones should perform primary and secondary assessments
after the triage.

5.4.1 Primary Assessment

In primary assessment and resuscitation ABCDE should be initiated and followed
by nurses and physicians preferably by Pediatric intensivists and pediatric-trained
emergency nurses [9].

Primary Assessment: A = Airway and cervical spine stabilization; B = Breathing;
C = Circulation; D = Disability (Brief Neurological Exam), E = Exposure.

e A = Airway and cervical spine stabilization: It is important to maintain a patent
airway by intubating and ventilating the patient while ensuring an appropriate
alignment of the cervical spine. Nurses should pay attention to tube placement
during their post-intubation assessment and should monitor for chest breathing
symmetry, and equal bilateral breath sounds. Nurses should directly notify the
physician if any tube displacement is suspected [8].

e B=Breathing: In children, it is hard to detect chest wall injuries, so assessing and
looking for the breathing pattern of the child is very important. Respiratory rate,
chest wall depth evaluation, and auscultation should be performed by nurses
upon arrival to the ED. The chest wall of the child should be inspected for sym-
metry, movement, and expansion. Nurses should pay attention to oxygen satura-
tion if <90% to prepare oxygen supply for immediate use. Oxygen therapy
should be given to all war injured children via a facemask or a nasal cannula in
order to prevent any rapid deterioration.
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e C=Circulation: The heart rate should be assessed by auscultating apical heart rate
or Brachial pulses. Tissue perfusion and any signs of bleeding should be assessed
for as well. Blood pressure and capillary refill of less than 3 seconds should be
checked immediately. Cyanosis or pallor are all signs of hemmorrhage. It is
reported that tourniquet use, tranexamic acid administration, and balanced blood
transfusion suggest a benefit to the pediatric population [11].

e D = Disability (Brief neurological exam): Level of consciousness should be
assessed by doing a brief neurological assessment, in addition to pupillary
assessment.

e The pediatric nurse should monitor the neurological status of the patient every
2—-4 h. Any alteration in the level of consciousness indicates decreased oxygen-
ation and perfusion, or possible head injury. If a child is suspected to have
increased intracranial pressure (ICP) he/she should be intubated and oxygenated
at 100%. Signs of increased ICP in the child include severe headache, emesis,
irritability, rapidly deteriorating mental status, abnormal posturing, neurological
deficits, pupillary abnormalities, and seizures. Infants can also demonstrate bulg-
ing fontanels and split sutures.

e E = Exposure: Pediatric nurses are required to do a rapid full inspection and
thorough assessment of the body for injuries, such as bruising, bleeding, and
abrasions. By following this the nurse will help reduce the chance of lowering
the child’s temperature. Hypothermia is very common in pediatric patients
because of the increased heat loss from their larger body surface area, and trauma
can also increase susceptibility to hypothermia. The pediatric patient should be
covered as much as possible, exposing only needed body surface areas during
any assessment or procedure. To prevent hypothermia, all wet clothing or sheets
should be removed, and a warming blanket, and/or a radiant heat source can be
used. Active warming may be initiated by using warmed IV fluids and blood to
increase the core temperature.

5.4.2 Secondary Assessment

F = Full set of vital signs; G = Giving comfort (assessing pain using the age-
appropriate pain scale); H = Head-to-toe assessment; I = Inspection of poste-
rior body.

F = Full set of vital signs: Continuous and frequent readings of vital signs are
required until the child is fully stable and the frequency of measuring the vital signs
is dependent on the child’s condition and the severity of the injury.

G = Giving comfort: Pain assessment is a fundamental aspect of stabilizing a
child’s condition. Providing comfort by administering adequate painkillers and
managing pain speeds up the improvement process of the child’s injury. Pain in
children is measured using specific pain assessment scales as reporting pain is not
as easy as in adults. In Children the most commonly used pain assessment scale is
the FLACC scale which is based on observing the behavior of the child, Face, legs,
Activity, Cry, and Consolability. This scale is used for children less than 3 years of
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age. Whereas, the Wong-baker faces scale is based on using the drawn faces, where
the child chooses the face that describes his pain level, either a smiley face or a sad
face. This scale can be used for children more than 3 years of age. As for children
more than 9 years of age, the numeric scale is used to determine their level of pain
from O to 10.

H = Head-to-toe assessment: Nurses should do a head-to-toe assessment in the
secondary assessment and obtain a more detailed history after stabilizing the child.
They should look for any signs of deterioration, and gather the information that they
might have missed during the primary assessment. The head-to-toe assessment of
the child includes inspection, auscultation, and palpation.

e Head, face, and neck: The head and face should be inspected for lacerations,
depressions, or foreign bodies, and palpated for pain and tenderness. The ears
should be checked for bleeding or cerebral spinal fluid leakage. The pupillary
reaction should be assessed. The nose should be assessed for any displacement,
blood, and cerebral spinal fluid. The neck should be assessed for lacerations,
swelling, deformities, and jugular vein distention. The tracheal position should
be inspected for any deviations from the midline, and the larynx should be pal-
pated to rule out a fracture. A hoarse voice or cough may be a sign of laryngeal
edema and should be taken into consideration if noted.

e Chest: Chest wall movement and expansion should be inspected for symmetry,
and assessed for pain during respiration. Retractions or nasal flaring are signs of
respiratory distress. The pediatric nurse should inspect the chest for wounds.

e Abdomen: Repeated assessments of the abdomen are highly important since
abdominal injuries are usually hard to detect. The nurse should inspect the abdo-
men for distention, bruising, and lacerations. The abdomen also should be
checked for tenderness and pain. In addition to measuring the abdominal girth as
a baseline check mark for any abdominal distension.

e Pelvis and Genitourinary: Nurses should inspect the pelvis for any bruising, lac-
erations, or blood, as well as they should palpate the bony prominences for pain
and instability, which may indicate any fracture. A flaccid rectal sphincter may
indicate also spinal cord trauma. A urine test should be collected from all trauma
children.

e Extremities and Neurological: Nurses should inspect and palpate all extremities
for pain, tenderness, deformities, or any signs of soft tissue damage. Pediatric
nurses should also evaluate the child’s neurological status by examining child’s
ability to move fingers and toes, the strength of bilateral hand grasps and foot
flexion.

The severity of any head injury should be also determined by using the Glasgow
Coma Scale which includes an assessment of the motor power, sensory perception,
and cranial nerves.

All pediatric patients can compensate and pick up quickly when they are treated
properly, yet they can easily deteriorate if they are not well monitored leading to a
life-threatening event.
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I = Inspection of the posterior body: Inspect for wounds, deformities, discolor-
ations, etc.

5.5 Nursing Assessment and Management
5.5.1 Musculoskeletal Trauma

Nurses should inspect and palpate the extremities for bleeding, deformity, crepitus,
circulation, sensory, and motor function. Signs and symptoms of musculoskeletal
injury also include swelling, pain, bruising, rigidity, and decreased use of the
affected extremity. Nurses should also monitor any indications of a neurovascular
compromise. Emergency management of fractures involves assessing damage,
avoiding further injury, and providing comfort. Immobilization of the fracture is
needed, and realignment may be required. Realignment of the fracture can be either
done with closed reduction or open reduction. Splinting, casting, and traction may
be performed.

5.5.2 Cardiothoracic Trauma

Identifying a cardiothoracic injury in a child may be difficult since there are no
evident visual signs of injury. Thus, 1-to-1 monitoring and assessment by the nurse
of the respiratory and cardiac systems of these patients is very crucial. Oxygen satu-
ration assessment, pain management, and restricted fluids are to be followed in
blunt traumas. Sometimes, the use of diuretics, intubation, and mechanical ventila-
tion may be essential for severe pulmonary contusions. Treatment of traumatic
asphyxia, pneumothorax, and hemothorax may also require oxygen therapy, thora-
centesis, chest tubes, mechanical ventilation, restricted fluids, and management of
intracranial pressure. Ruptured diaphragm and ventricular or aortic ruptures require
surgical repair. Cardiac tamponade is treated with needle aspiration.

5.5.3 Abdominal Trauma

Abdominal traumas in pediatric patients can be fatal and most of the time they are
unrecognized. Nurses should look for signs and symptoms of abdominal trauma
which include an increase in the abdominal girth, distension/rigidity, pain and ten-
derness, abnormal bowel sounds, bruising, ecchymosis, abdominal mass, nausea,
vomiting, abnormal vital signs, and abdominal pallor/mottling. An X-ray or diag-
nostic imagining may also show free air in the abdomen or areas of bleeding. The
treatment of abdominal trauma is usually dependent on the location and the severity
of the injury. Medical management may include insertion of a nasogastric tube,
keeping the child NPO, bedridden, fluid management, and total parenteral nutrition.
Blood transfusions may also be needed if the child has bleeding or is
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hemodynamically unstable. Surgical intervention may be required for liver, spleen,
pancreatic lacerations, or intestinal perforations.

5.5.4 Traumatic Brain Injury (TBI)

Nurses should look for any clear or pink-tinged CSF leak from the nose and ears of
the child as this may indicate a basilar skull fracture. Nurses should also look for
any bruising around the ears and the eyes. Nurses also assess the level of conscious-
ness of the child, and they should look for any signs of lethargy, nausea, pallor,
diaphoresis, headaches, dizziness, disorientation, and amnesia as all of these indi-
cate TBI [11]. Whereas, loss of consciousness, seizures, bulging fontanels (infants),
hypoxia, changes in vital signs (particularly hypertension and bradycardia), vomit-
ing, posturing, changes in pupil size/responsiveness, and apnea are late signs of
TBI. Treatment of TBI in children is targeted toward preventing complications, pro-
moting healing, and managing pain. Insertion of drains such as ventricolostomy or
VP ventricoperitoneal shunt, medical management of symptoms (including medica-
tions for reducing ICP), fluid management, and/or surgical interventions are some-
times required depending on the severity of the TBI [12].

5.5.5 Spinal Cord Trauma

Early detection of spinal cord injury is usually hard to diagnose in children. Signs
and symptoms that are associated with spinal cord trauma are abnormal neurologi-
cal exam, limited mobility of the neck or spine, tenderness, or hypotension. Other
signs may include edema, ecchymosis, observable deformity, and muscle spasms.
Nurses should be able to identify early signs of spinal cord injury in order to prevent
further injuries [13]. Injuries of the spinal cord could be managed by applying skin
traction, stabilization and fluid balance. Further medical management of the second-
ary effects such as neurogenic shock are also potential additional treatments of spi-
nal cord injury. Surgical intervention may be required for decompression, fractures,
and dislocations.

5.6 Age-Specific Consideration
in Medication Administration

Administering medications to infants and young children requires extra caution.
Few studies are conducted on drug safety in children. Pediatric patients are at
increased risk for adverse drug events, because of their larger body surface area and
immature body systems [14]. Mathematical calculations are often required in pre-
paring pediatric dosages, which also increases the risk of error [11]. In the pediatric
population, calculation errors account for 60% of medication errors involving pedi-
atric patients, and almost 70% of medication errors reported involved pediatric
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patients [12]. Medication errors are three times more common among pediatric
patients as compared with adult patients and have 10 times the potential for
harm [15].
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Airway Management in the War-Injured 6
Child

Wissam Maroun and Roland Kaddoum

6.1 Introduction

War injuries in pediatric patients can lead to acute open or closed orofacial trauma,
decreased level of consciousness, pneumothorax, hemothorax, airway obstruction,
and pulmonary contusions, all of which require prompt airway management. In
addition, airway compromise secondary to inadequate airway management is one of
the main reasons for early death in pediatric trauma [1, 2], hence the importance of
proper airway management.

Compared to airway management in the adult, regular airway management in the
pediatric population presents challenges of its own due to different anatomy and
physiology. When dealing with the pediatric population with war injuries, addi-
tional challenges arise. Considering the airway to be intact, regular trauma precau-
tions and rapid sequence intubation should be considered. In addition, if there is
orofacial trauma or airway obstruction, which is quite common in war injury, addi-
tional precautions and techniques should be used to secure the airway in these chil-
dren. Hence, it is pivotal to understand that there are multiple layers of complexity
while dealing with airway management in the war-injured pediatric population. The
first layer consists of the challenges presented by the regular pediatric anatomy, the
second layer consists of the airway considerations for any pediatric emergent case,
and the third layer which requires advanced techniques and a lot of expertise con-
sists of dealing with patients that have sustained orofacial or airway trauma. In this
chapter, we will explore the various challenges mentioned earlier, in addition to
describing basic and advanced techniques to manage the difficult airway of war-
injured pediatric patients.
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6.2  Anatomical and Physiological Considerations
6.2.1 Airway Anatomy

The pediatric airway differs significantly from the adult airway impacting airway
management. These differences and difficulty in airway management are more pro-
nounced at birth: the most challenging airway is seen in neonates and infants below
1 year of age, as evidenced by suboptimal views during direct laryngoscopy in this
age group [3].

The head of pediatric patients is larger relative to body size, along with a more
prominent occiput. These anatomical changes become relevant during positioning
before intubation, as the neck becomes flexed on a flat surface, leading to airway
obstruction in asleep children. Other than neck flexion, multiple other factors lead
to airway obstruction and difficult ventilation in children, these include: a large
tongue, shorter mandible, frequently prominent adenoids, and tonsils. Therefore, a
shoulder roll is required to achieve a neutral position and open up the airway [4]. In
addition, calcification of the trachea and larynx does not occur before the teenage
years [5]; this flexibility of the tracheal rings can predispose to airway obstruction
with negative pressure ventilation or when a partial obstruction already exists [6, 7].
Other than airway obstruction, the larger occiput combined with the shorter neck
makes direct laryngoscopy more difficult by preventing proper alignment of the
oral, laryngeal, and tracheal axes [8].

In children, the larynx is relatively higher in the neck; the cricoid ring is located
at the level of C4 at birth, C5 at age 6 years, and C6 in adults [6]. In addition, the
vocal cords are angled in an anterior-inferior to posterior-superior fashion relative
to the trachea and are not found at a right angle relative to the trachea [8]. These
anatomical differences do not make direct laryngoscopy views suboptimal, how-
ever, they make endotracheal tube insertion more difficult and more traumatic; the
endotracheal tube has a higher chance to get stuck on the anterior commissure of the
vocal cords [4]. Also, in children the epiglottis is “U” shaped, described as omega-
shaped, and may lie across the glottis opening [6], hence the use of a straight blade
is preferred over the use of a curved blade during regular direct laryngoscopy.
Multiple other anatomical differences not mentioned here also complicate airway
management in the pediatric population. The point remains simple, because of the
airway anatomical differences compared with the adult patient, the pediatric patient
by default is problematic when it comes to airway management.

6.2.2 Physiological Considerations

The pediatric patient has also physiological considerations that predispose him/her
to hypoxemia as compared to the adult patient. It has been reported that oxygen
consumption in children is higher relatively than in adults [7], in addition to lower
functional residual capacity in children, this can lead to rapid desaturation during
apnea time even with proper preoxygenation [4]. Also, the rate of CO, production is
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increased in children, hence the higher resting respiratory rate in children to achieve
higher minute ventilation to eliminate the excess CO, [9]. Therefore, during apnea
time children are also more prone to CO, retention. In addition, the already small
pediatric airway could have drastic consequences on respiratory function. The resis-
tance to flow in the airway is governed by Poiseulle’s law which states that the
resistance to flow is inversely related to the radius of the airway raised to the fourth
power. This being said, any narrowing of the airway (hematoma, or airway edema
during trauma) would have drastic consequences on airway resistance to flow [4].

6.3  Considerations in the Emergent Airway Management

Airway management in war-injured children should be treated by default like any
emergent airway, in addition to the specific considerations that we will elaborate on
later in this chapter. It is needless to say that the basic requirements for any airway
management case should be ideally present; this includes appropriate and adequate:
sized suction catheter and apparatus, oxygen supply, oxygen delivery device, sized
airway equipment (nasopharyngeal airways, oral airways, laryngoscope blades
[which have been checked, light working], endotracheal tubes, laryngeal mask air-
ways, and bag-valve-mask), medications (sedatives, reversal agents, resuscitation
medications), and standard ASA monitoring (pulse oximeter, blood pressure cuffs,
ECG, end-tidal CO,). We will focus in this section on describing briefly the con-
cerns related to emergent airway management in pediatric patients.

6.3.1 Rapid Sequence Intubation

Regardless of the indications for airway management, the goal of intubation is to
place an artificial airway in the most effective manner possible. Rapid sequence
intubation (RSI) is defined as the simultaneous administration of a sedative agent
(the choice of sedative agent is beyond the scope of this discussion, but usually a
sedative agent and a paralytic agent are used) for emergent intubation [10]. For
pediatric emergent airway management, RSI has been associated with higher suc-
cess rates at the first attempt and lower rates of adverse events as compared to intu-
bation without medications or with sedatives without paralyzing agents [10]. Hence,
it is necessary to consider RSI implying the use of sedative agents and paralytic
agents during emergent intubation in the pediatric population. It is important to note
that sedatives and paralytic agents use improves the success rate of intubation.

6.3.2 Preoxygenation
Before intubation attempts are made, all pediatric patients should be preoxygenated

by the delivery of high-flow 100% oxygen. Due to the physiological concerns
explained previously and the apnea created by the use of paralytic agents used in
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RSI, without preoxygenation nearly one-third of the patients will have desaturation
episodes to less than 90% [11]. Preoxygenation is usually done with 100% oxygen
for about 3 min via either a nasal cannula [12] or bag-valve mask or non-rebreather
mask, all of which can decrease the chance of rapid desaturation during RSI [13].
Also, apneic oxygenation in a child has been shown to decrease the incidence of
hypoxemia during RSI [14]. As a consequence of what has been stated earlier, pre-
oxygenation has been shown to be a crucial step in airway management in RSI for
trauma patients and hence war-injured pediatric patients.

6.4  The Difficult Airway

As stated previously, airway management in trauma cases starts with preoxygen-
ation, followed by endotracheal intubation to secure the airway. War-injured chil-
dren may present with neck and face burns, or orofacial trauma. These conditions
may lead to distorted anatomy and hence pose a scenario of difficult intubation and
sometimes difficult ventilation [15, 16]. These conditions usually require advanced
airway techniques and sometimes surgical interventions [15, 16]. For reasons stated
before, children with difficult direct laryngoscopy are an especially vulnerable
group; multiple guidelines and algorithms describe the management of the unex-
pected and expected difficult pediatric airway [17-20]. The main point that one
must keep in mind is that if direct laryngoscopy is unsuccessful, ventilation and
oxygenation should be established. There are multiple tools and devices that help
establish airway access or ventilation, to the point of surgical airway management
[17-20]. In the case of a war-injured child with extensive burn injuries or maxillo-
facial trauma, this can pose a scenario of difficult intubation and difficult ventila-
tion, hence we will proceed to describe techniques that help the anesthesiologist
ventilate the patient.

6.4.1 Mask Ventilation

When dealing with a spontaneously breathing patient, one must consider whether to
maintain spontaneous ventilation or induce with the use of muscle relaxants during
intubation. In the case of the suspected difficult airway (precisely suspected difficult
mask ventilation), as is often the case with war-injured children, it is reasonable to
either confirm the ability to mask ventilate prior to giving medication that induces
apnea or maintain spontaneous ventilation throughout intubation [20]. For patients
with maxillofacial trauma, mask ventilation could be difficult because of the dis-
torted anatomy, or the airway could be blocked by bleeding: the face mask could not
necessarily be fitted to the face for effective ventilation and if there is airway injury
this could prevent efficient air transfer from the mask to the lungs [15]. It is, there-
fore, crucial to expect that mask ventilation could be problematic in war-injured
children and prepare to either preserve spontaneous ventilation during intubation or
use devices and techniques to ventilate the patient when mask ventilation fails.



6 Airway Management in the War-Injured Child 83

6.4.2 Supraglottic Airway Devices (SGA)

The use of a supraglottic airway device (such as the laryngeal mask airway [LMA]) is
an important step in many airway management algorithms [20-22]. A SGA can be
used where difficult ventilation, failed intubation, or both occur. In addition, the failure
rate of the SGA in the pediatric population is 0.86% [23] which is lower than the failure
rate in adults at 1.1% [24]. Hence, in children with difficult airways, an SGA alone can
be used to provide adequate airway support with low failure rates, and should definitely
be considered with these patients [25]. The use of SGA has been used in trauma cases
with successful results even with minimal experience [26, 27]. However, the SGA does
not provide a definitive airway in trauma patients and can be displaced especially in
patients with facial trauma who might have minimal oropharyngeal space complicating
the use of the SGA [15]. Also, fixed neck flexion which happens in the recovered
burned patient can limit the use of the SGA [16]. Regardless of the limitations of the
SGA, it is still an easy-to-use rescue device for ventilating patients until a definitive
airway is provided and therefore has been used in combat victims [28, 29].

6.4.3 Direct Laryngoscopy

Direct Laryngoscopy (DL) is the gold standard for endotracheal intubation in
healthy children. The use of Macintosh and Miller blades had the same rate of opti-
mal view in healthy children less than 2 years old [30]. In pediatric patients with a
difficult airway, multiple attempts using the direct laryngoscope were associated
with high failure rates and severe complications (cardiac arrest, esophageal intuba-
tion, airway trauma, bronchospasm, and hypoxemia) [31]. This limits the use of DL
in war-injured patients if a difficult airway is anticipated, however the decision to
proceed with DL should be based on the expertise and comfort level of the provider.

6.4.4 Video Laryngoscope

The Video Laryngoscope (VL) has more angled blades that can obtain an indirect
glottis view without the need to align the oral, pharyngeal, and tracheal axis. VL has
been shown to be efficient in providing successful intubation in the pediatric popula-
tion with difficult airways [32]. However, the successful use of VL relies on a good
view of the inner airway which is not the case in most of the trauma patients whose
airway view is restricted by blood and secretions [15, 17]. In case of war injuries
leading to maxillofacial trauma and distorted anatomy, the VL has limited use except
in anatomical distortions that do not affect viewing the epiglottis [15].

6.4.5 The Flexible Fiberoptic

The Flexible Fiberoptic (FF) is considered the gold standard of difficult airway
management in pediatric patients. Intubation can be done using different routes
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(including the mouth, nose, or an SGA), providing versatility for this device [17]
making it ideal for patients with normal airway anatomy but extensive facial and
neck contractures [16]. However, the use of the FF is impractical when there is dis-
torted anatomy and becomes of no use when blood and secretions obscure the view
of its small camera [15, 17], hence its use could be problematic in war-injured chil-
dren. In addition, the use of this device is expensive and requires a lot of expertise
causing additional limitations to its use in war-injured children. The FF can also be
used for awake intubation, however, unlike adults, the lack of cooperativity in chil-
dren makes it more difficult to perform awake intubation. Some case reports have
shown the feasibility of awake intubation in pediatric difficult airways [33, 34];
however, this would be difficult in trauma and war injuries where cooperation is not
always present.

6.4.6 Rescue Ventilation Using the Endotracheal Tube

When intubation and ventilation fail, the use of the endotracheal tube (ETT), which
is readily available and bypasses the tongue or any airway injury of the pediatric
patient, can provide safe and efficient rescue ventilation. Zestos et al. described a
novel rescue technique for difficult intubation and difficult ventilation using this
technique [35]. An endotracheal tube was inserted nasally (can also be inserted
orally) and pushed gently and blindly into the hypopharynx where the tip of the
endotracheal tube sits just above the vocal cords at the mid-thyroid level. The mouth
and nostrils of the patient are sealed by hand and positive pressure ventilation can
be initiated with 100% O,. Effective ventilation can be achieved resulting in appro-
priate chest rise and end-tidal CO, waveform. Zestos et al. showed that this ETT
technique can buy some valuable time by assuring oxygenation and ventilation of
the patient with 100% oxygen saturation until another trial of intubation can be
attempted or alternative airway equipment or help from colleagues become available.

6.4.7 Surgical Airway

In scenarios of “cannot intubate, cannot oxygenate” a surgical airway becomes the
last resort to secure the airway. The use of surgical airways in war injuries (not lim-
ited to pediatrics) is relatively quite common [28, 29], this should not come as a
surprise considering the difficult airway that might be encountered in war injuries.
However, the need for surgical airways in infants is very rare and the literature is
scarce in this area and limited to animal models using pigs and rabbits [36-39]. In
addition, the cricothyroid membrane is small in infants and difficult to identify.
Therefore in crises, the best way to oxygenate the lung would be through needle
cricothyroidotomy [17]. This technique does not require a scalpel incision; it con-
sists of advancing 14, 16, or 18 G angio-catheters through the cricothyroid mem-
brane until the syringe aspirates air into a 3-ml saline-filled syringe, indicating entry
into the trachea. After the air is aspirated, the needle is removed and the catheter is
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connected to an oxygen or ventilating source [17]. Even though success rates are
high with this technique, animal studies showed that needle placement is associated
with perforation of the posterior tracheal wall [37, 38]. The use of surgical airways
is still controversial in the pediatric population, yet in scenarios where war injuries
lead to distorted facial or airway anatomy preventing both ventilation and intuba-
tion, needle cricothyroidotomy could be a useful cheap technique that could secure
the airway.

6.5 Conclusion

Airway management in war-injured children presents challenges on many different
levels. However, it is important to keep in mind that these cases should be treated
like any trauma airway management, starting with regular monitoring, preoxygen-
ation, and rapid sequence intubation. In addition, multiple devices are present in
case of suspected difficult airway including the VL and the FF; the problem with
these devices during trauma and war injury is that even if available, small airway
injuries with blood in the airway can make these devices obsolete. When sophisti-
cated devices fail or are not available, the anesthesiologist has to rely on simple
cheap techniques like rescue ventilation using the endotracheal tube, supraglottic
devices, and needle cricothyroidotomy.
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7.1 Introduction

Trauma in the pediatric population is a significant cause of morbidity and mortality.
It is considered to be the leading cause of death in childhood [1]. This is even more
true in conflict zones where civilians including children are often victims summing
up to 15.3% of the patient population in certain regions [2]. Traumatic injuries are
divided into blunt and penetrating injuries. The most common mechanism of injury
in urban settings is blunt trauma accounting for up to 80% of cases [3]. The majority
of patients are males and road traffic injuries are responsible for more than half of
the injuries [4]. In the context of war, the injury pattern shifts dramatically toward
penetrating injuries in the battlefield accounting for almost all injuries. However, in
civilian injuries in a zone of conflict, blunt trauma from blasts and bombing remains
more prevalent [5]. In a study reflecting on the Syrian civil war injuries that were
transferred to Turkey, gunshot injuries accounted for 83% of injuries, explosives,
and shrapnel injuries accounted for 15% and blunt injuries were only 0.75% [6].
The most commonly injured sites were the head and neck followed by chest and
abdomen then the extremities [3]. In the setting of explosive devices, injury to the
extremities were most common [7]. Yet, in another series from Turkey reflecting on
the Syrian civil war, blunt trauma accounted for 56% of the cases with head injury
being the most commonly injured body part in children.
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7.2 Initial Assessment and Triage
7.2.1 CABCParadigm

Refers to the sequence and priorities when handling a trauma patient and it entails
Circulation first, Airway, Breathing, and Circulation with re-evaluation after any
intervention.

7.2.2 Catastrophic Bleeding

Any obvious major bleeding should be stopped with compression or tourniquet.
Children have a great physiologic reserve and will have to lose more than 30% of
their blood volume before exhibiting hypotension. The estimated blood volume in a
pediatric patient is around 80 ml/kg [6]..

7.2.3 Airway

Examination of the airway starts with clearing and assessing for obstruction by
looking, listening, and feeling. Stabilization of the cervical spine should be done
simultaneously with the assumption that all patients will have a suspected injury
until proven otherwise. In children, it is important to note that they have a relatively
large tongue that can easily obstruct their airway, moreover, the larynx is more ante-
rior and the trachea is short in length [8]..

7.2.4 Breathing

After securing the airway, breathing assessment is done by checking the respiratory
rate, chest wall expansion, and use of accessory muscles. Assessment for life-
threatening injuries such as tension pneumothorax, massive hemothorax, flail chest,
and cardiac tamponade needs to be done [6]..

7.2.5 Circulation

Assessment for internal hemorrhage in the chest, abdomen, and pelvis as well as the
lower extremities needs to be done [6]. Signs of hemorrhagic shock include tachy-
cardia, altered mental status, pale skin, hypothermia, and ultimately hypotension.
Early detection of signs of shock is imperative to start timely resuscitation [6]..

7.2.6 Disability

Evaluation of the level of consciousness, pupillary size, and reactivity as well as the
Glasgow Coma Scale (GCS) should be done [6]..
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7.2.7 Exposure and Environment

A full examination should be done to evaluate for other injuries with attention to
keeping the patient warmed up and covered after each evaluation [6]. Pediatric
patients have a large body surface area-to-weight ratio and therefore are prone to
fluid loss as well as hypothermia [6]..

7.2.8 Scoring Systems

Several scoring systems in the setting of a polytrauma are available, such as the
Injury Severity Score (ISS) which is applicable in the pediatric age group [6]. Other
pediatric-specific scoring systems such as the Pediatric Trauma Score (PTS) are
also available.

7.3  Adjuncts to Primary Survey

After completion of the CABC assessment, adjuncts to the primary survey allow
early identification of injuries and they include a chest X-ray and Focused
Assessment with Sonography for Trauma [6]..

7.3.1 Role of FAST in Children

Focused Assessment with Sonography for Trauma (FAST) is a quick ultrasound tool
available at the bedside that evaluates the presence of fluid in four locations. The
presence of fluids in the right upper and left upper quadrants, suprapubic area, or the
sub-xyphoid (pericardium) area is considered a positive FAST [9]. In adults, a posi-
tive FAST indicates the need for further imaging or intervention depending on the
clinical scenario. In the pediatric population, there is emerging role for FAST in the
setting of blunt abdominal injury. In the hemodynamically stable patient, a negative
FAST and lack of findings on physical examination can guide the surgeon toward
nonoperative management without fear of missing significant injuries [4]..

7.3.2 Role of DPL

In low resource setting, Diagnostic Peritoneal Lavage or DPL is considered a
quick and simple technique to assess abdominal injury in blunt and penetrating
trauma. After NG decompression and Foley catheter insertion, open or percutane-
ous DPL can be done. Using the Seldinger technique with percutaneous access to
the peritoneal cavity is most commonly used [10]. An open approach can also be
used through which the infra-umbilical region is prepared and infiltrated with
anesthetic and then access to the peritoneum is gained by dissection through the
skin, soft tissues, and linea alba. The peritoneum is then incised and 20 ml/kg of
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warm saline is infused and directed toward the pelvis in a sterile fashion. Then the
saline bag is placed below the level of the patient to allow the lavage to return and
be collected. A sample is then sent to the lab for cell count, Gram stain, amylase
[10]. A DPL is considered positive if there is contamination with bacteria, bile, or
enteric contents. Presence of 10°/mm? red blood cells or 500/mm?® white blood
cells [5]..

7.3.3 Intravenous Access

Simultaneously with the primary assessment, an intravenous access should be
established. Intravenous access is of particular challenge in the pediatric age group
due to smaller vascular structures. The patient will need a large bore, at least,
18-gauge catheter for rapid fluid and blood administration as needed [11]. Allow for
two attempts and IV insertion and if they failed then attempt an interosseous access
[9]. Rarely, a cut down is necessary, it is done either at the level of the ankle above
the medial malleolus utilizing the long saphenous vein root or a median cephalic cut
down at the level of the elbow [6]..

7.3.4 Central Line Access

In case a venous access cannot be secured or further access is needed a central line
can be inserted. Acceptable locations include the femoral, internal jugular as well as
subclavian veins. The risk of infection seems to be unrelated to the site of access.
Comparison between subclavian and jugular access seem to have a similar rate of
mechanical complications [12]. However, subclavian access still has the highest rate
of other complications including pneumothorax [13]..

7.3.5 Laboratory Tests
After the establishment of an IV access, blood tests are taken for complete blood

count, cross-matching, creatinine, electrolytes, liver function tests, and coagula-
tion [6].

7.4  Secondary Survey

This is done after the patient is adequately resuscitated and stabilized. It involves a
comprehensive history and examination of the skin, body orifices, chest, abdomen,
pelvis, extremities, and an in-depth neurologic evaluation. A nasogastric tube and
urinary catheter should be placed if there are no contraindications since urine output
is an accurate measure of perfusion [6].
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7.5 Damage Control Resuscitation

Hemorrhage and coagulopathy are leading causes of death in trauma patients. A
balanced resuscitation approach with blood product administration in a 1:1:1 ratio
of packed red blood cells: Fresh frozen plasma: platelets are essential [14].
Therefore, massive transfusion protocols (MTP) are crucial in the resuscitation
phase of patients in hemorrhagic shock. In the pediatric population, MTP is defined
as transfusion of greater than 100% of the child’s total blood volume over a 24-hr
period [15].

Whole blood (WB) contains red blood cells, plasma as well as platelets, and
coagulation factors. There is an increasing role for WB transfusions in the setting of
military trauma and recently in civilian trauma in the adult population [16]. There is
emerging evidence to support the safety of WB transfusions in severe pediatric inju-
ries in volumes up to 20 ml/kg [17].

7.6  Damage Control Surgery

Hemorrhage is the principal cause of preventable death in trauma and accounts for
around a third of trauma-related mortality [14]. In principle, damage control starts
immediately at the trauma scene during the initial assessment. Priorities at the time
are given for controlling disastrous bleeding, securing the airway, breathing, and
circulation [6]..

Damage control surgery (DCS) is also considered as a “bail out” procedure
aimed at doing what is needed to keep the patient alive and defer definitive surgery
till the patient is more stable. The objective of DCR is to avoid the lethal triad of
acidosis, hypothermia, and coagulopathy that starts at the trauma scene and is per-
petuated by prolonged surgery [4]..

The basic tenants of DCS are as follows:

1. Control bleeding.
2. Control contamination.
3. Temporary closure of abdomen if required.

Once indications for laparotomy are satisfied and patient is taken to the operating
room it is imperative to have the room warmed up. Preparation should include the
chest, abdomen, and thighs [4]. A full laparotomy incision should be made from the
sub-xyphoid region up to the pubic symphysis to allow exploration of all four quad-
rants. Reported pitfalls when performing a DCS in a pediatric patient is the delay in
activating the massive transfusion protocol, failure to prevent hypothermia, pro-
longed operating time, and failure to assess priorities in multi-organ injuries [4]..

Temporary abdominal closure can be established in different ways including skin
closure only or a negative pressure dressing. Negative pressure dressing can be
improvised by using a sterile saline bag or 3 M-Ioban wrapped towel tucked under
the fascia with suction drains placed on top and an occlusive dressing [10]..



94 S. Akel and A. El Rifai

7.7  Surgical Approach and Consideration for each Organ

The pediatric skeleton is flexible and therefore soft tissue injuries can occur without
fractures [6]. The small abdominal cavity increases the chances for multi-organ
injury in the setting of trauma with multi-organ involvement can reach up to 79% of
cases [8]..

7.7.1 Stomach

Gastric injuries are very rare; they can occur after blunt trauma leading to transec-
tion or near total transection [18]. They can present with massive pneumoperito-
neum that may require percutaneous decompression prior to laparotomy.
Evaluation for gastric injuries should be done by examining the surface anteriorly
as well as the posterior wall by opening the gastrocolic ligament. Depending on
the severity of the injury the management is guided. If a gastric hematoma is iden-
tified, it can be evacuated and the gastric wall sutured. Deeper injuries are closed
primarily in two layers [19]. In cases of more extensive damage with devitalized
tissues, debridement, partial gastrectomy, and restoration of continuity with end-
to-end anastomosis should be done or a gastrojejunostomy in case of an associ-
ated duodenal injury.

7.7.2 Diaphragmatic Injuries

Traumatic injuries to the diaphragm are quite rare, patient often presents with respi-
ratory as well as abdominal complaints, especially if the diaphragm was ruptured.
Most commonly the left side is affected. The surgical approach for a major dia-
phragmatic injury includes a laparotomy with a reduction of herniated viscera,
which is the preferred option. Laparoscopy and even thoracoscopic/thoracotomy
approaches have been described [20]..

7.7.3 Duodenal Injuries

Prevalence of duodenal injuries accounts for 3—-5% of trauma cases and are often
associated with other injuries due to its deep retroperitoneal location [21]. Injuries
can be due to a crush injury against the spine or due to deceleration injuries. Patients
present with non-specific epigastric abdominal pain that gradually worsens as well
as vomiting and leukocytosis. The injury is confirmed using a contrast CT scan that
would show a contrast leak or extra luminal gas. Management of duodenal injuries
depends on the extent of tissue loss. If diagnosis of a hematoma has been done,
some can opt for conservative management with NG decompression and close
observation. Injuries with less than 50% circumferential tissue loss can be amenable
to primary repair. More extensive injuries can be repaired using serosal patches,
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gastric island flaps, or Roux-en-Y duodenojejunostomy with variable outcomes
depending on the timing of diagnosis and intervention [10]..

7.7.4 Small Intestine

In penetrating trauma, the small bowel is most likely injured in up to 62% [5].
Bowel injuries including mesenteric hematomas are rare after blunt trauma. A CT
scan can help with the diagnosis and would typically show a hematoma, bowel wall
thickening, mesenteric fat stranding, or fluid [22]. However, CT scan is diagnostic
in only 60% of cases [17]. In case of hemodynamic stability, close observation and
serial abdominal exams should be done and if diagnosis is made then surgery should
be entertained. If the injury involves more than 50% of the circumference, then
segmental resection is necessary, however, less extensive injuries can be primarily
repaired [17]..

7.7.5 Colon and Rectal Injuries

Colon injuries most commonly occur as a result of penetrating trauma, however, it
occurs in up to 5% of blunt trauma. As a result of blunt trauma, the colon can be
crushed or avulsed from the mesentery. These injuries can be difficult to diagnose,
however, once a diagnosis of colonic perforation is made the treatment is surgical
[23]. The safest option is to divert the fecal stream, especially in the setting of other
concomitant injuries. However, recent literature suggest safety of primary repair
even for left-sided colonic injuries [24]..

Rectal trauma often occurs in association with pelvic and urinary tract injuries.
The timely diagnosis is often challenging and therefore a suggestive mechanism
should prompt further investigation [25]. Triple-phase CT and proctoscopy can be
used to detect rectal injuries [26]. Management options include a diverting colos-
tomy with drainage of the perineal area to control sepsis [17]..

7.7.6 Spleen

Vast majority of blunt splenic injuries can be managed non-operatively if the child
is hemodynamically stable and without peritoneal signs [27] with failure rate of
around 7.4% [28]. The spleen in the pediatric population is thought to have a thicker
capsule and higher myoepithelial cell content that can explain the high Non-
Operative Management (NOM) success rate. If NOM is to be considered there
should be the capability of continuous monitoring, available operating room and
trained surgeons at all times [29]. Operative interventions are necessitated in the
setting of hemodynamic instability. Surgical options include splenectomy for the
shattered spleen and for the critically ill child. Organ preserving techniques can be
used such as Splenorrhaphy and partial splenectomy. Non-operative management
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(NOM) entails serial hematocrit monitoring as well as physical exam to check for
any signs of further bleeding. For penetrating splenic injuries not enough data is
available that encourage NOM [29]..

The recommendation after NOM is to restrict activity for a period that is calculated
using the following: Injury grade + 2 weeks. The role of follow-up imaging is reserved
for symptomatic patients rather than being done routinely [30]. It is important to keep
in mind the need for vaccination against encapsulated organisms after 2 weeks of a
splenectomy for trauma due to the risk of overwhelming postsplenectomy infection
(OPSI). Children are at a higher risk of developing OPSI than adult patients [31]. These
patients have at least an eightfold increase in risk of developing severe infectious com-
plications half of which present within the first 2 years after the splenectomy [32].
Moreover, there is a role for antimicrobial prophylaxis in the pediatric population who
undergo splenectomy be it for trauma or electively in addition to the vaccinations.
Antimicrobial prophylaxis is reported to decrease mortality related to infectious dis-
eases from 88% to 47% [33]. Some guidelines refer to the use of prophylactic antibiot-
ics for a minimum of 2 years after the splenectomy [34]. Others recommend prophylaxis
till the age of 5 years and a minimum of 1 year post-splenectomy with extension of the
duration of prophylaxis to adulthood if the patient has a history of OPSI [35]..

7.7.7 Liver

Most injuries can be managed non-operatively with a failure rate of 8.3% [14].
Operative management for liver injuries follows the damage control principles of
adequate packing to tamponade an uncontrollable bleed and prevent coagulopathy
and hypothermia. Definitive surgical interventions are only entertained after stabi-
lizing the patient and reversing coagulopathy, those are often required for major
vessel injuries requiring reconstruction as well as bile duct injuries [17]..

7.7.8 Pancreas

Pancreatic injuries are rare with an incidence of around 0.4% most commonly occur-
ring after blunt injuries such as motor vehicle collisions and handlebar injuries. The
morbidity of such injuries and mortality are significant reaching up to 26% and 5%,
respectively. Management options include operative and non-operative approaches
depending on the location of parenchymal disruptions and involvement of the pan-
creatic duct [36]. Around two-third of injuries are managed non-operatively. Surgery
is reserved for extensive injuries and distal pancreatic ductal injuries that are treated
with distal pancreatectomy done open or laparoscopically [11].

7.7.9 Adrenal

Adrenal trauma is rare, prevalence is up to 1% of trauma cases and is often occur-
ring on the right side and is combined with other abdominal injuries most



7 Abdominal Injuries 97

commonly the kidney then liver and spleen [37]. Diagnosis is best done with a CT
scan. Unilateral injuries are unlikely to cause any clinical symptoms and bilateral
trauma may cause adrenal insufficiency [11]..

7.7.10 Kidney

The pediatric patient is at a higher risk of sustaining a renal injury in view of the
decrease in the fat surrounding the kidney as well as the weaker abdominal muscles
and the more flexible thoracic cage. Blunt trauma involves renal injury in around
10-20% of cases [38]. In hemodynamically stable patients with hematuria or mech-
anism of injury suspicious of renal trauma a CT is considered the standard for evalu-
ation [39]. Most cases, even high-grade injuries, are managed non-operatively with
indications for surgery being hemodynamic instability, grade V injury and expand-
ing hematoma [14]. If a contained non-expanding retroperitoneal hematoma was
found during exploration for another reason, its advisable not to enter the retroperi-
toneum for fear of consequent nephrectomy.

Follow-up imaging with CT scan after a renal injury should be done if the patient
develops fever, worsening flank pain, or drop in hemoglobin. If patient is clinically
stable no need for follow-up images for grades I-III, however, it is indicated for
grade IV with injury to the collecting ducts [14]..

Injury to the ureters is, however, the least common type of genitourinary injury
most commonly occurring to the distal third. Management is dependent on the
severity and location of the ureteric disruption [14]. Preoperative diagnosis can be
made with CT scan with delayed images or using retrograde urography which is
more sensitive. In case of laparotomy, inspection of the ureters should be done to
rule out any injury. If injury is detected, then a minimally invasive approach for
management is undertaken namely nephrostomy drainage and ureteric stent inser-
tion. For partial lacerations, primary repair and stent insertion are advocated, while
for severe injuries treatment depends on location and length of gap in the ureter [14].

7.7.11 Bladder

Bladder injuries can be intra- or extra-peritoneal in 30% and 60% of cases, respec-
tively. They are often associated with pelvic fractures. The pediatric patient is more
susceptible to bladder injuries since it is less protected by the pelvis. Diagnosis is made
via cystography or CT cystography. Management of uncomplicated extra-peritoneal
injuries consists of bladder drainage and follow-up cystography in 2-3 weeks. For
complicated extra-peritoneal injuries, early surgical repair is warranted to prevent fis-
tula complications and to promote healing. For intra-peritoneal injuries, surgical repair
is indicated and a suprapubic catheter placement is warranted. Follow-up cystography
is recommended after conservative management of extra-peritoneal injuries and after
surgically managed complicated extra-peritoneal injuries [14]..

Injury to the urethra often occurs in association with several other injuries.
Management entails a urethral catheter if the patient is still able to void, otherwise,
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suprapubic drainage is indicated. The definitive treatment can be immediate or
delayed depending on the clinical scenario [14]..

Scrotal injury due to blunt trauma can cause testicular rupture which manifests
as discoloration and swelling. Evaluation is done using ultrasound, if there is suspi-
cion of testicular rupture then exploration is warranted [14]..

7.8 Conclusion

Pediatric trauma remains significant morbidity and mortality, it is important to have
a thorough understanding of the different presentations of the various injuries in the
context of war. This overview highlights the major peculiarities that pertain to the
pediatric age group and emphasizes the management approach.
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Management of Pediatric Vascular 8
Injuries in Blasts

Jamal J. Hobballah

8.1 Introduction

Children living in conflict zones suffer from a broad variety of injuries that can be
categorized into penetrating injuries, blunt trauma, crush injuries, and burns [1].
These injuries, which are most commonly penetrating, can lead to vascular injuries,
which in turn are a substantial constituent of mortality and morbidity in children
exposed to armed conflict (Image 8.1) [2, 3].

The peril of vascular injuries in children is due to their direct and indirect health
consequences. Vascular injuries cause external and internal hemorrhages that result
in ischemia to limbs or vital organs, both of which amplify mortality among children
[4, 5]. On the other hand, vascular injuries have long-term effects, such as delayed
limb growth, amputations, and neurologic sequelae [6—8]. These detrimental
hazards, in addition to the soaring incidence of vascular injuries secondary to armed
conflict in the last century [9], demand vascular specialist management that is
unique to the pediatric population. In this chapter, an overview of pediatric vascular
injuries in conflict zones will be presented with a focus on diagnosis, intraoperative
management, and post-operative follow-up.
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Image 8.1 Exit wound from a high velocity military rifle

8.2 Epidemiology and Anatomical Distribution
of Vascular Injuries

In peacetime, the leading cause of death in the pediatric population is trauma [10,
11]. Vascular injuries, as a subcategory of trauma, constitute around 0.3-2% of all
traumatic injuries to children [2, 12, 13]. According to the national vascular surgery
registry in Sweden, pediatric vascular injuries are relatively uncommon, constitut-
ing 1.2% of all traumatic pediatric injuries [14]. These can be due to blunt trauma,
penetrating trauma, or iatrogenic injuries, with iatrogenic vascular injuries being the
most prevalent in peacetime environments [15—17]. In conflict zones, however, the
incidence of vascular injuries climbs to 3—12% [18-20]. The majority are due to
penetrating injuries from gunshots and explosions (Images 8.2 and 8.3).
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Image 8.2 Severe soft and
bony tissue loss in the foot from
a blast injury

Image 8.3 Multiple shrapnel
from a blast injury to the thigh
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The anatomical distribution of vascular injuries in the pediatric population also
differs between war and peacetime environments. In peacetime, more than 60% of
vascular injuries are located in the upper extremities, while 29% are in the lower
extremities and 7.2% are in the abdomen [21]. In warzones, the anatomical distribu-
tion changes to 37.8% in the upper extremities, 28.1% in the lower extremities,
25.4% in the trunk, and 8.6% in the head and neck [21]. Importantly, injuries that
are located in the trunk and have damaged the aorta and its branches are the most
fatal, constituting 78.1% of children who die from vascular injuries [22-24].

8.3 Types of Vascular Trauma

According to the International Committee of the Red Cross (ICRC) classifica-
tion, wound ballistics can lead to various types of vascular injuries [25]. These
types are:

(i) Lateral laceration: occurs when the vascular wall is penetrated, but its conti-
nuity remains unaltered [26]. Lateral laceration can lead to a punctate wound
with an open laceration, or to a rupture of the vascular wall, which results in a
pulsatile hematoma or pseudoaneurysm [25].

(ii) Avulsion: is when vascular continuity is interrupted because of direct contact
with a projectile. Avulsion injuries are associated with significant damage to
nearby tissues [27]. Microscopically, avulsion injuries damage all layers of a
vascular wall [25].

(iii) Isolated Vasospasm: is a local reflex to penetrating or blunt trauma that carries
the risk of causing ischemia to end organs or limbs [28].

(iv) Contusion: injures the tunica intima of a vascular wall, which precipitates
thrombosis, which leads to ischemia [25].

(v) Combined arterial and venous injuries: Post-traumatic arteriovenous fistulae
(AVFs) are well-known complications of combined arterial and venous inju-
ries. AVFs lead to local symptoms, like pain and swelling, and systemic mani-
festations, such as high-output heart failure [29].

8.4 Emergency Care

The need for pre-hospital management is critical and lifesaving, especially that
pediatric vascular injury carries significant challenges. These challenges arise from
a number of factors, which include:

Children have smaller arteries and are at higher risk of vasospasm.

Children have less intravascular volume.

Children need healthy vessels to follow their growth patterns.

Due to their young age, long-term viability, and durability are needed to sustain
injured children in their adulthood.

b s
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Failure to overcome these challenges increases the incidence of mortality and
disability among injured children [30, 31].

It is crucial in the trauma setting to prioritize injuries and to follow a unique
protocol. Advanced trauma life support (ATLS) offers guidelines for immediate
care in traumatic cases. After securing the airway and breathing, it is crucial to deal
with circulatory and vascular injuries. Delayed vascular intervention and timing to
get adequate resuscitation are two important obstacles in dealing with war vascular
injuries. Controlling external hemorrhage, even in a pre-hospital setting, is crucial
and offers survival benefits before reaching the hospital [32]. This can be achieved
by applying pressure to the bleeding site or by applying a tourniquet properly proxi-
mal to injury in a bleeding extremity. Blood loss and the subsequent shock could
increase mortality and morbidity in such cases. Proper Tourniquet application is of
high importance and was frequently used in more than half of the pediatric cases
reported by Dua et al. [33]. Villamaria et al. reported that all patients whose tourni-
quets were placed in the field survived but did not prevent amputation in all cases
[21]. It is worth noting that the use of pneumatic tourniquets continues to be contro-
versial. Although its usage increases the survival rate and limits resuscitation in
pediatric vascular injuries [34]. Pneumatic tourniquets carry the risk of causing
local ischemia by cutting off collateral circulation in wounds with self-contained
hematoma or isolated ischemic signs [25]. Shock and coagulopathy in cases of pedi-
atric vascular injuries are leading causes of mortality. The triad of acidosis, tachy-
cardia, and hypotension are the presenting signs in children and the targets of
adequate resuscitation. Damage control resuscitation is of high importance and per-
mits limb salvage despite injury severity [33]. Dua et al. contributed favorable out-
comes in this cohort to total transfused blood components, the ratio of FFP: RBC
transfused, and reduced crystalloid amount [33]. After securing intravenous access
and initiating adequate resuscitation, a thorough physical examination to rule out
internal hemorrhage, retroperitoneal bleeding, intra-thoracic or intra-abdominal
bleeding, and deep peripheral vascular injuries should be done [33]. Seat belt sign,
Grey Turner sign (flank ecchymosis), and Cullen sign (umbilical ecchymosis)
should rise suspicion for internal bleeding. Once stabilized, analgesics, antibiotics,
and tetanus prophylaxis should be administered as per protocol [25].

8.5 Diagnosing and Surgical Decision-Making

Diagnosing vascular injuries, particularly arterial, is a strenuous task, especially in
a hemodynamically unstable patient. Nevertheless, early diagnosis is vital to facili-
tate early intervention, preferably within the first 6 h. While doppler ultrasonogra-
phy and angiography can be used, physical examination is the swiftest and can be
sufficient in moments of crisis. Certain findings on physical examination act as cues
for surgical exploration. These cues, termed “hard signs,” are:

1. Active hemorrhage
2. Pulsatile expanding hematoma
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. Machinery murmur

4. Signs of acute ischemia: 6 P’s (pain, pallor, pulselessness, poikilothermia, par-
aesthesia, and paralysis)

5. Absence of peripheral pulses despite resuscitation

Conversely, the presence of distal pulses does not exclude proximal vascular
injury, due to the possible presence of collaterals that can nourish distal tissues
despite major proximal vascular injury. Children, however, are less likely to have
developed collateral circulations. In case of a penetrating injury that is close to a
major vessel in the absence of “hard signs,” observation is warranted. Moreover,
para-clinical investigations such as arteriography or doppler ultrasonography (US)
can be done in a stable patient to assist and help diagnose and manage suspected
pediatric vascular injuries [35].

8.6 Management of Vascular Injuries
8.6.1 Venous Injuries

There is a paucity of recommended management approaches to venous injuries in
pediatric trauma [36]. Most of the reported data does not differentiate between the
management of penetrating and blunt venous injuries in the pediatric population.
Accordingly, the recommendations are directed toward venous injuries in general
regardless of etiology.

The management of venous injuries is broadly divided into nonoperative versus
operative intervention, with the most vital determiner being hemodynamic instabil-
ity. Rowland et al. suggest a management algorithm based on evidence-based rec-
ommendations. In their algorithm, cases of suspected venous injuries in
hemodynamically stable children between 11 and 16 years of age, deserve room for
trial of nonoperative management [36]. Virgilio et al. recommend a similar nonop-
erative approach to thrombotic events too [37].

Operative intervention is recommended for hemodynamic instability, failure of
conservative management, and penetrating venous injuries, especially those with
concurrent arterial injuries [36, 38]. Early intervention is of high importance in the
operative management approach, with the time reported from clinical presentation
to intervention as less than 45 minutes as reported by Cox et al. [39].

The operative intervention modalities vary depending on location. These tech-
niques range from open surgical primary repair as the highest used technique, fol-
lowed in a descending manner by venous ligation, end-to-end anastomosis,
saphenous vein interposition grafting, and lateral repair. The lowest reported tech-
nique is amputation which is rarely required and is spared for critically injured
venous cases with late presentation, which is equivalent to 1% of cases [36].

Operative management depends on the site of injury and the vein injured. The
cephalic and tibial veins can be safely ligated whereas ligation is not recommended
in cases of major lower extremity veins (femoral/popliteal) and major upper
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extremity veins (axillary/brachial/basilic) [36]. In these veins, the severity of the
injury, timing, and accessibility dictate the adequate surgical technique, where
saphenous vein interposition graft, end-to-end anastomosis, and lateral repair are
valid surgical options.

Other major venous injuries (subclavian/internal jugular/retro-hepatic inferior
vena cava) are technically challenging and data describing the operative approach is
limited. Internal jugular venous injuries can be managed by ligation [40]. Subclavian
venous injuries can be approached through a median sternotomy and supraclavicu-
lar extension [7]. Packing may be required in an attempt for delayed repair in cases
of retro-hepatic inferior vena cava injuries [39].

Blunt injuries can cause shear-type venous injuries. These injuries are hard to be
controlled surgically and to be repaired primarily as compared to penetrating venous
injuries [24]. The end-to-end anastomosis technique of repair requires a maximum
discrepancy of 2 cm?. The anastomosis should be done using absorbable interrupted
sutures that do not limit vein growth [41].

Although endovascular techniques of repair are reported in adult venous trauma
cases, the data about this approach in children is limited and not described.

In cases of vascular injuries involving arterial and venous systems at the same
time, the repair requires venous injuries initially to maintain adequate runoff post-
arterial repair and to decrease compartment pressures [38, 39, 41].

8.6.2 Arterial Injuries

Penetrating arterial injuries cross vessel layers with secondary active bleeding or
pseudoaneurysm formation [42]. The most frequently injured arteries in the pediat-
ric age group are located in the extremities. Torso vascular injuries are four times
more lethal than any other vascular injury pattern [21]. Upper extremity injuries are
more common in the younger age group (2-6 years) while lower extremities are
more common in the older age group (older than 12 years) [32]. Wahlgren and
Kragsterman et al. report that the most injured arteries were the brachial arteries
followed by popliteal arteries and then common femoral arteries [32].

Operative techniques vary and include interposition graft, patch, primary repair,
bypass, endovascular repair, ligation, thrombectomy, and thromboendarterectomy.
These techniques are challenging in children, especially when dealing with small
caliber vessels and knowing the need for future vascular growth and long-term
patency [30, 43]. Patch angioplasty is the most common repair in younger children,
mainly when dealing with the high incidence of upper extremity brachial artery
injuries [32]. While in older children, the high incidence of lower extremity injuries
whose vessels are of larger caliber, allows for venous interposition and bypass graft
[32] (Image 8.4) M. Kirkilas et al. highlight the importance of using interrupted
sutures repairs that allow vessel growth rather than running sutures. Kirkalis et al.
also discuss the relative contraindication to the use of Polytetrafluoroethylene
(PTFE) grafts, other synthetic drafts, and allografts due to the long-term patency
rates required in repairing pediatric vascular injuries [44].
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Image 8.4 Vein graft to femoral artery

The small caliber vessels in such cases require precise suturing since imbricating
small adventitial flaps at the site of repair could occlude the small vascular lumens
[44]. The collateral arterial flow is of high importance and all efforts should be
applied in order to preserve them. End-to-side vascular anastomosis is better at spar-
ing collateral circulation when compared to end-to-end anastomosis [6]. Arterial
spasm is also a major concern in the small pediatric caliber vessels. This increases
the risk of early thrombosis and justifies the helpful use of arterial vasodilators such
as papaverine and nitroglycerine.

The use of endovascular modalities in the management of pediatric arterial inju-
ries is significantly increasing and is more frequently used in blunt injuries [45-47].
They can be the treatment modality for head and neck, thoracic, abdominal, and
peripheral arterial injuries. They are mostly used, however, in aortic injuries and in
older children due to the vascular size that is comparable to adults, allowing adult-
sized endovascular devices to be utilized. The two most common modalities used
are angioembolization of the internal iliac artery and thoracic endograft [48].

Endovascular repair has many advantages. It permits practitioners to avoid aortic
cross-clamping in cases of aortic injuries, open repair associated intracavitary com-
plications, and injury to the nearby nerve structures. Furthermore, it is associated
with lower transfusion rates [48].

The contact of a foreign body with the native tissue leading to penetrating arterial
injury predisposes the surgical wound to contamination. The most common hospital
acute complication in these cases is wound infection despite the use of antibiotics
[44]. This highlights the importance of proper debridement, copious irrigation, and
excision of necrotic tissue in treating these wounds.

Compartment pressures could increase significantly in case of arterial injuries
with secondary tissue edema limiting perfusion pressures despite vascular reperfu-
sion. In such cases, fasciotomy is ideal. The routine fasciotomy performed is four
compartment fasciotomy through lateral and medial incisions [2] (Image 8.5).

Many reconstructive modalities including free flaps (Images 8.6 and 8.7), bone
grafts (Image 8.8), and skin grafts (Images 8.9 and 8.10) and can be used to cover
exposed wounds and traumatic defects. This highlights the importance of multidis-
ciplinary approaches in pediatric war injury vascular cases for immediate vascular
interventions and future reconstruction.
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Image 8.5 Fasciotomy: 4
compartment fasciotomy
through lateral and medial
incisions

Image 8.6 Reconstructive
options: Free Latismus
dorsi muscle flap

Post-operative care and follow up are also crucial after the acute phase of care.
Vascular assessment and clinical signs (pulse, temperature, capillary refill, sensa-
tion, and motor powers) are essential in determining the efficiency of vascular repair
and the viability of the limb. Adjunctive non-invasive testing such as ankle-brachial
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Image 8.7 Reconstructive options: free Latismus dorsi muscle flap

Image 8.8 Reconstructive options: Free fibula osseous flap
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Image 8.10 Reconstructive options: Split Skin Graft — meshed
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index and duplex ultrasound appear reliable when assessing the patency of
repairs [33].

8.7 Conclusion

Many limitations encounter adequate pediatric vascular injury management. Future
studies are required to establish proper clinical guidelines to improve acute surgical
care and long-term surveillance.
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Acute Pediatric Burn Management

Bachar F. Chaya, Dunia Hatabah, and Amir E. Ibrahim

9.1 Introduction

Thermal injuries remain one of the most common components of armed conflicts
[1]. In modern-day conflicts, civilians are becoming major targets. This has led to
an increase in pediatric burn injuries. This increase is mainly instigated by global
military power advancement and the use of state-of-the-art weaponry such as bal-
listic rockets, mortar bombs, napalm, and aerial bombing [2, 3]. Although the man-
agement of most war-related burn injuries described in the literature is related to
military personnel, treatment of pediatric burns in a war environment remains a
unique challenge for deployed military and civilian health providers.

9.2 Physiological Differences

Initial management of pediatric burn casualty in the conflict zone requires a strategy
of rapid assessment, airway protection, a systematic examination for concomitant
injuries, and appropriate imminent resuscitation [1] (Table 9.1).

The key to the treatment of children with burn injuries lies in understanding the
physiological differences compared to adults.
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Table 9.1 Initial pediatric burn Perform an ABCDE primary survey

management [4] A—Airway with cervical spine control

B—Breathing

C—<Circulation

D—Neurological status and pain control
E—Environment (heat loss) control
F—Initiate fluid resuscitation

9.2.1 Airway

Anatomically, a shorter trachea with a smaller diameter in pediatric age groups will
pose them at a higher risk for airway obstruction. Furthermore, the narrowest por-
tion of the airway is at the cricothyroid membrane with the larynx lying more ante-
riorly, making intubation more difficult than in adults. This setback can be further
intensified by the large tonsils that children might have [5].

9.2.2 Breathing

Until the age of 8 years, an incompletely developed pulmonary reserve will pose
pediatric patients with inhalational injuries with a greater impact on their lung
function and may prevent further lung development [5]. Add to this, their higher
prevalence of asthma and therefore a higher risk of exacerbation when inhaling
smoke [6]. On the other hand, children have a higher ability to compensate for
hypoxia than adults mainly by increasing their work of breathing and their
respiratory rate [7]. In children, an acute respiratory arrest is a major cause of
cardiac arrest and once they decompensate it is frequently sudden and com-
plete [7].

9.2.3 Circulation

Similar to the respiratory system, the immature heart of infants and children has
limited contractility hence, they can only increase their cardiac output (CO) by
mounting a physiological sinus tachycardia. Tachycardia post-burn injuries is a
common physiologic inflammatory response secondary to catecholamine release,
however, it could be secondary to pain and/or hypovolemia and should not be under-
estimated [5].

Skin thickness and body surface area (BSA) are two entities of paramount
importance to keep in mind. The BSA in children has a different distribution than
in adults, with children having a larger head (18% vs 9% of TBSA) and smaller
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legs (14% vs 18% TBSA) thus, a different method of BSA estimation should be
used in children such as the Lund Browder Chart [8]. In addition, the pediatric
population has a higher BSA-to-body weight ratio than adults. Therefore, chil-
dren’s intravenous fluid resuscitation requirements per body weight for any area of
burn are higher than in adults and they are at a greater risk of developing hypo-
thermia [9].

9.2.4 Neurologic

Different communication strategies are needed with different age groups since their
thinking process and behavior change throughout their developmental stages [10].
Neurological status and pain might be difficult to assess in children, especially in
infants who still cannot voice out their pain and anxiety. Therefore, the use of age-
specific pain scales such as the FLACC and FPS scales is highly recommended.
Post-burn injury the child is usually in distress and crying [11]. Consequently, a
lethargic child who is minimally responsive warrants instantaneous attention as he
might be in shock. Older children should be encouraged to verbalize their pain and
thoughts and should be involved in the treatment plan and decisions [10]. In some
instances where the parental story does not match the pattern of the burn injury or
when there is a delay in seeking treatment, child abuse should be suspected and
managed accordingly.

9.2.5 Skin

As previously mentioned, children’s skin is much thinner than that of adults. As a
result, they are more prone to sustain deeper injuries (increased risk of full-thickness
burns) and to develop hypothermia [12]. Preventing hypothermia is critical thus, a
warm environment should be maintained, and wet dressings should be avoided.
Furthermore, due to the immature immune system that infants and children have,
they are more susceptible to infections and sepsis [5].

9.3  Burn Evaluation
9.3.1 Degree of Burns
Clinical classification of burns depends on the depth of injury through the stratum

of the skin [4]. Table 9.2 outlines the degree of burn wound with its clinical presen-
tation and associated healing characteristics and management.
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Table 9.2 Degree of burns [4]

Superficial
epidermal

Skin layer Epidermis

involved

Signs Absence of
blisters.
Blanches are
red and dry

Sensation  Pain and
tenderness
upon air
exposure

Capacity  Use of

to occlusive

self-heal  dressing
confers
excellent
capacity

Duration 7 day period

for skin

healing

Visible Uncommon

scar

Partial thickness
superficial
Epidermis and
papillary dermis

Blanches are pale
pink with light
blistering

Very painful

Proper
management
confers excellent
capacity

14 day period

Hypertrophic
scarring risk is low
to moderate. Color
match defects may
be present

9.3.2 Extent Evaluation

9.3.2.1 Rule of Nines

Partial thickness
deep

Epidermis and
dermis (papillary
and reticular)
Darkened pink to
speckled red.
Capillary refill is
stagnant to none. In
child may be
mottling lobster red

Painful or decreased/
absent sensation

Inability to heal
alone. Submission to
surgery is preferred

Between 14 and
21 days, may be
more
Hypertrophic
scarring risk is
moderate to high

Full thickness
Entire skin stratum,
possibly deeper

Absence of blisters
and capillary refill.
Thick and leather-
like. Charred and
waxy white. In child
may be mottling
lobster red

Absent sensation

Absent healing
capacity. Need for
surgical management

Skin does not heal,
replaced by scar and
contracture

Visible scarring
present

The Rule of Nines is a measurement of estimating body surface area by assigning
percentages to various body segments. Percentages and subdivisions are outlined in

Figs. 9.1 and 9.2 [13].

9.3.2.2 Lund and Browder Chart
The Lund-Browder chart are considered the most accurate method. Its estimations
give an accurate assessment of pediatric burn areas as it compensates for discrepan-
cies between body shape and age [14] (Fig. 9.3).

9.3.2.3 Palmar Surface
The Palmar surface technique estimates the patient’s palm to be roughly 0.8—1% of
TBSA. Large burns >85% TBSA or small burns <15% TBSA can be estimated by
the palmar surface. It is inaccurate for medium-sized burns [14].
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Fig. 9.1 Rule of 9 in adults
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Fig. 9.2 Rule of 9 in pediatrics



120 B.F.Chaya et al.

Back

Area By age in years

0 1 5 10
Head (A/D) 10% 9% 7% 6%
Thigh (B/E) 3% 3% 4% 5%
Leg (C/F) 2% 3% 3% 3%

Fig. 9.3 Lund and Browder chart

9.4  Acute Management
9.4.1 Fluid Resuscitation

Fluid resuscitation is a necessity once the burn size exceeds 10-15% of TBSA in order
to restore the fluid loss and decrease the risk of a hypovolemic shock [15]. Only the
deep partial-thickness burns and the full-thickness burns are included in the calcula-
tion of the TBSA [16]. Adult formulas such as the Parkland formula (4 mL X patient’s
weight (kg) x % TBSA burned) and the modified Brooke formula (2 mL x patient’s
weight (kg) x %TBSA burned) have been shown to underestimate the fluid needed in
the pediatric population compared to the adult population. The most commonly used
pediatric burn fluid resuscitation formulas are the Galveston and the Cincinnati [17]
(Table 9.3). The preferred and most commonly used crystalloid in all of these formu-
las is the lactated ringer (LR) [18]. However, children are more prone to develop
hypoglycemia due to their limited glycogen reserve, hence LR with 5% dextrose
should be used as maintenance fluid [12]. However, these formulas remain a rough
estimate of the fluid loss and thus the adequacy of resuscitation should be monitored.

Accurate markers to assess organ and tissue perfusion are the urine output (UO),
mean arterial pressure (MAP), and blood lactate (BL) [18]. Common practice uses
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Table 9.3 Common pediatric burn fluid resuscitation formula [31]

Cincinnati (older

Formula Galveston Cincinnati (young children) children)
Crystalloid 5000 ml/m? 4 ml/kg/%TBSA burn +1500 ml/m? total 4 ml/kg/%TBSA
burn +2000 ml/ BSA of LR burn +1500
m? total BSA ml/m? total BSA
of LR of LR
Colloid 12.5 g0of 25%  12.5 g of 25% albumin per 1 liter of None
albumin per crystalloid in the last 8 h of the initial first
liter of 24 h post-burn period 5% dextrose as
crystalloid needed
Glucose 5% dextrose as 5% dextrose as needed 5% dextrose as
needed needed
Administration 1/2 over first To be administered 1/2 over the first 8 h 1/2 over first 8 h,
8 h, then 1/2 and the second 1/2 over the next 16 h. thenl/2 over

over next 16 h  Fluid composition changes each 8 hours next 16 h
period. (1) first 8 h, add 50 meq/L sodium
bicarbonate (2) second 8 h, only LR
without additive (3) third 8 h, add albumin

a UO target of 0.5-1 ml/kg/h and a MAP >60 mmHg [19]. In children, a urinary
catheter might be necessary in order to have an adequate UO measurement, which
will guide our resuscitation. The most accurate guide to resuscitation efficacy is
blood lactate levels [20]. Blood lactate levels reflect anaerobic metabolism due to
hypoperfusion, and normalizing these levels has been established to improve sur-
vival in non-burn shock [20, 21]. In a study performed by Kamolz et al., initial
lactate level was found to be an effective parameter in distinguishing survivors from
non-survivors [22]. Moreover, in evaluating lactate clearance on day 1, their results
demonstrated that when resuscitation produced lactate clearance to normal within
24 hours patients had a better chance of survival [22].

On the other hand, over-resuscitation is also problematic and might worsen the
burn injury and lead to the development of compartment syndrome of the extremi-
ties or the abdomen in addition to respiratory problems such as acute respiratory
distress syndrome [23]. This is known as “Fluid Creep” [24]. The cause of this
phenomenon is multifactorial and occurs as a result of:

1. Overestimation of the burn injury size.

2. A large amount of fluid requirements as a result of comorbid conditions such as
septic shock or trauma and blood loss.

3. Limited use of colloids.

Fluid resuscitation in children is a dynamic process and hourly titration of fluids
based on physical exam (clear lungs, warm extremities, and absence of peripheral
mottling), blood pressure, urine output, blood gas analysis (arterial or venous), etc.
should be done.

One of the main controversies of fluid resuscitation in burn injuries is whether to
use protein-based colloids or not [25]. The most commonly used colloids are Fresh
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Frozen Plasma (FFP) (which contains heat-fixed proteins and clotting factors) and
albumin (oncotically active plasma protein). These colloids tend to increase the
intravascular osmolarity and hence decrease fluid extravasation and third spacing
[18]. However, multiple studies have demonstrated that plasma expansion was inde-
pendent of the type of fluids administered in the first 24 h of resuscitation. Colloids
could not increase intravascular oncotic pressure mainly because of the damage to
the integrity of the capillaries [17]. Later on, with the emergence of fluid creep as a
serious complication of over-resuscitation, it has been hypothesized that colloid use
24 h post-burn may actually increase intravascular osmotic pressure in addition to
decreasing capillary leakage and decreasing the total fluid volume required [26].
Faraklas et al. found that administration of colloid protocol (one-third of their fluid
requirements was substituted by 5% albumin) in pediatric patients as soon as they
started showing signs of fluid overload, increased their intake to urine output ratio
(I/0) without any evident complications [27]. They suggest that since the physio-
logical response to resuscitation is tailored to each patient, routine measurement of
I/0 ratio can be used to institute albumin therapy accordingly and more quickly in
patients [28]. Hypertonic saline is another type of fluid that has been used in resus-
citation. However, it has fallen out of use once it was linked to a higher rate of acute
renal failure [29].

Recently, new devices have been developed to guide the early phase of resuscita-
tion in pediatric burn patients. One such device is PiICCO (pulse contour cardiac
output) which is a trans-cardiopulmonary monitoring device that uses thermodilu-
tion [30]. It was shown that it decreases the total fluid used and reduces the rate of
renal and cardiac failure [30]. However, these devices are still under research and
are only present in a few tertiary care centers.

9.4.2 Inhalational Injuries

Due to a more than 15% mortality rate, prompt diagnosis (with a low threshold for
suspicion) and management of inhalational injury in pediatric burn patients are cru-
cial [18]. A direct airway insult will lead to severe mucosal swelling and conse-
quently respiratory distress, especially in the pediatric age group where the trachea
has a smaller diameter with eventual earlier obstructive airway edema compared to
adults [18].

The diagnosis and evaluation of inhalational injury is a multimodal approach
relying on accurate history, physical exam (PE), and adjunct diagnostics. A history
of burns with secondary smoke occurring in a closed area should alarm for possible
inhalation injury. Upon physical examination, singed facial/nasal hair, facial burns,
soot around the mouth, hoarseness, and stridor are all suggestive of inhalational
injury [32]. While CT Scan findings of atelectasis, ground glass opacities, and inter-
stitial marking are highly specific, fiberoptic bronchoscopy (FOB) is more helpful
and is still considered the gold standard for early diagnosis [32, 33]. FOB has a
higher sensitivity and allows for severity grading and prognostication of lung injury
[32]. Chest X-ray is usually normal in the acute phase and pulse oximetry is
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Table 9.4 Inhalation injury stratification [36]

Grade 0 1 2 3 4

Classification None Mild Moderate Severe Massive

of injury

Description ~ Absence of Minor or Moderate Severe Evidence of
carbonaceous  patchy areas  degree of inflammation ~ mucosal
deposits, of erythema,  erythema, with friability, sloughing,
erythema, carbonaceous carbonaceous  copious Necrosis, or
edema, deposits in deposits, carbonaceous  endoluminal
bronchorrhea, proximal or bronchorrhea, deposits, obliteration
or obstruction distal bronchi  or bronchial bronchorrhea,

obstruction or obstruction

unaffected hence is not helpful in the initial diagnostic phase [31]. Inhalation injury
could be secondary to smoke particles reaching the upper or lower airways, incom-
plete combustion (rare in war injuries, usually affects lower airways), and direct
heat injury usually to the upper airways.

Endorf et al. published the Abbreviated Injury Score (AIS) which is now the
most widely used severity grading of inhalational injury based on bronchoscopy
findings [34]. This score stratifies inhalational injury into five grades outlined in
Table 9.4. The higher the grade the poorer the prognosis and the more impaired the
gas exchange [33-36].

The acute management of inhalational injury follows the trauma management
guidelines ATLS (Advanced Trauma Life Support) [31]. Hence, during the initial
assessment, in any burn patient with significant respiratory distress or with exten-
sive burns (>60% TBSA), intubation or a surgical airway should be considered.
Once the airway is secured, early management should include oxygen supplementa-
tion, aggressive pulmonary toileting (suctioning, chest physiotherapy, and incentive
spirometry if feasible), bronchodilators, and racemic epinephrine in order to prevent
airway obstruction and bronchospasm [31]. Recent studies have revealed that the
use of adjunct therapies such as inhaled heparin and N-acetylcysteine (decrease
secretions) will decrease the overall mortality and the reintubation rate of burn
patients [37—40]. In pediatric burn patients who remain in distress despite maximal
respiratory support, the use of extracorporeal membrane oxygenation (ECMO) has
been proven to be safe and efficient [41].

9.4.3 Carbon Monoxide Poisoning

Carbon monoxide (CO) is a special consideration involved in inhalational injury,
especially if there is a history that suggests entrapment in a sealed area [31]. In war
settings, explosive munitions can lead to burns sustained in closed spaces such as
buildings and vehicles, which can lead to inhalation injury. Hypoxia induced by CO
toxicity is a rapid and prompt cause of morbidity and mortality in inhalation injury.
Smoke from burning wood has high concentrations of CO more so than accelerant,
making it a significant component of the smoke inhaled [42].
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CO has a much higher affinity for hemoglobin than oxygen [43]. Organ and cel-
lular damage ensues due to reduced perfusion of oxygenated blood to cells and
organs [44]. Diagnosis of CO poisoning can be made by measuring the level of
carboxyhemoglobin (COHDb) in arterial or venous blood by co-oximetry [44]. In
acute settings, the most suitable initial management is the immediate administration
of 100% fractional inspiration of oxygen (FiO,) [31]. FiO, will decrease the half-
life of CO from 4-6 h to 80 min [45]. Hyperbaric oxygen can decreases the half-life
of CO to 22 minutes, however, in war settings sealed tanks are often not present, and
even in their presence they will impede treatment of often associated burn injuries.

9.4.4 Glycemic Control

One of the metabolic alterations witnessed in post-burn injury is stress-induced
hyperglycemia. This is due to both insulin resistance and increased gluconeogenesis
and glycogenolysis associated with the exaggerated catecholamine, acute phase
protein, cytokine, and hormone release in severe burn injury [46]. Hyperglycemia is
associated with an increased risk of fungal and bacterial infection and mortality
[47]. This has brought about the need for tight glycemic control which has caused
profound changes in standard protocols for ICU care [48]. Maintaining glucose
levels between 80 and 110 mg/dl extenuated infections, sepsis, death, and sepsis-
associated multiple organ failure [49]. Jeschke et al proposed that an ideal glucose
range exists, and avoidance of both hypoglycemia and hyperglycemia would confer
better outcomes in pediatric burn patients [47]. Their results show that patients with
glucose levels below 130 mg/dl had improved outcomes than patients with glucose
above 140 mg/dl [47]. It is also important to consider that pediatric patients are
susceptible to hypoglycemia due to their immature liver glycogen storage [50]. For
this reason, the administration of fluid in the pediatric burns population often
involves 5% dextrose with the lactated ringer [50].

9.4.5 Antibiotics

Systemic antibiotics have not proven to be effective in acute burns, except in the
setting of positive wound or blood cultures or burn wound infections that are clini-
cally evident. Topical antimicrobials can play a role in the protection of the dermis
decreasing the bacterial burden when there is a loss of the epidermal layer. During
the war, topical antimicrobials can be essential when injuries are faced with a trans-
fer delay and should be used in liberation when transfer to burn units takes more
than 12 h [3]. One of the most commonly used topical antibiotics is the Silver
Sulfadiazine which has a broad-spectrum coverage to most Gram-positive and
Gram-negative bacteria along with antifungal coverage; however, it cannot pene-
trate deep eschars. Other silver-based antimicrobials with a slow release of nano-
crystalline silver ions are available as well. Another widely used topical antibiotic is
the Mafenide acetate (MA) [51] which has excellent penetration of tissue including
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eschar but is painful upon application. MA has a broad antibacterial coverage but
lacks any antifungal properties hence the addition of topical antifungal such as
Nystatin is recommended when prolonged use is needed [52].

9.4.6 Beta-Blockers

A profound catecholamine surge is elicited as part of the hypermetabolic response
to extensive burn wounds. Beta-blockers notably propranolol help attenuate this
surge [53]. In the pediatric burn population, propranolol is associated with a sus-
tained decrease in cardiac work and an increase in stroke volume over a 12-month
period of continued use [54]. Propranolol has multifaceted effects illustrated in
Table 9.5 [55]. However, propranolol does not seem to exert any effect on the
inflammatory response or respiratory ratio in these patients. In addition, there has
been no documented evidence of a difference between propranolol treatment and
controls in terms of multi-organ failure, duration of hospital stay, or mortality [53,
56]. Based on findings in burned patients, -blockade may be the most effective
anti-catabolic therapy [57], however, overall patient selection and indications are
still to be explored [58].

9.4.7 Testosterone

Loss of lean body mass (LBM) accompanying severe burn injury has a significant
impact on patient morbidity and mortality [59]. It has been hypotheised that the
predominant hormonal milieu of hypercortisolemia and hypoandrogenemia post-
burn injury may be responsible for this loss [60]. In the context of skeletal muscle,
the disproportionality in hormonal levels leads to a discrepancy in the anabolic/cata-
bolic ratio trending toward protein breakdown [61]. Testosterone has been shown to
increase protein synthesis through the efficient use of intracellular amino acids [62].
Studies have hypothesized that restoration of testosterone to physiologic ranges can
help attenuate loss of LBM and increase bone mineral content [63, 64].

A synthetic derivative of 5-alpha dihydrotestosterone, Oxandrolone, is the pre-
ferred anabolic agent in pediatric burn patients [65-68]. Reeves et.al report an
increase in bone mineral content and a reduction in the loss of lean body mass after

Table 9.5 Propranolol mechanisms of action

Effect Mechanism

Enhanced deposition of Improves the efficiency of protein synthesis, by inducing an
lean body mass increase in intracellular recycling of free amino acids
Reduced accumulation of  Reduced mesenteric blood flow and peripheral lipolysis
central fat

Decreased resting energy ~ Reduction of overall hypermetabolic response

expenditure

Bone loss prevention Reduction of overall hypermetabolic response
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the administration of oxandrolone in their randomized clinical trial [64]. Oxandrolone
is a non-aromatizable compound, the structure of which prevents it from being con-
verted to estrogen, as opposed to testosterone. This reduces the risk of premature
closure of growth plates in the long bones of pediatric patients, which is estrogen
dependent [63, 68]. Virilization and hepatotoxicity are limited with oxandrolone
administration as opposed to testosterone [69, 70].

9.4.8 Escharotomy

Full-thickness burns often result in eschar formation in children, characterized by
inelastic rigid skin [71]. Circumferential eschar formation around a limb or trunk
emulates a tourniquet compromising blood supply and reducing muscle movement.
Left untreated and especially after significant edema secondary to acute fluid resus-
citation, this can lead to compartment syndrome, distal ischemia, tissue necrosis,
respiratory compromise, and death [72].

Compartment syndrome is a disease process where pressure develops in a closed
space containing nerves, blood vessels, and muscle, exceeding the vascular perfu-
sion pressure of that compartment resulting in decreased blood flow and ischemia.
It can develop in the limb thorax or abdomen [73]. Diagnosis of compartment syn-
drome is predominantly clinical, characterized by identifying the 6 “P’s”: pain, pal-
lor, paralysis, paresthesia, pulselessness, and poikothermia [74].

In limb circumferential eschar adjunct use of ultrasonic flowmeter, detecting pul-
satile flow in upper limb distal palmar arch vessels and lower limb pedal vessels can
aid in the assessment of circulation in the limbs [75]. Pulsatile flow absence is an
absolute limb-saving indication for escharotomy [71]. Escharotomy should be per-
formed on all circumferential full-thickness burns whether involving extremities or
the trunk and it can be performed without anesthesia through the insensate skin and
should be done along the full thickness of the burn to guarantee the sufficient release
of vascular compression [75]. The incision cuts through the skin down to the subcu-
taneous tissue not involving the fascia [73]. Circumferential truncal burns may
prompt an escharotomy in the anterior axillary line in the case of respiratory com-
promise due to impaired diaphragmatic movement or chest expansion. A truncal
escharotomy is essentially important in infants below 12 months owing to their
predominant abdominal pattern of breathing [72]. When the eschar is not promptly
or completely treated limb compartment syndrome can occur. In that case, a fasci-
otomy should be performed.

A rare but very serious complication of burn injury is abdominal compartment
syndrome (ACS). ACS is defined as Intra-abdominal hypertension (Bladder pres-
sure > 10 mmHg) in addition to evidence of end-organ dysfunction [76]. The
abdominal cavity has a capacity to accommodate increases in intra-abdominal vol-
ume (IAV) sparing increases in IAP. However, in the case of splanchnic edema
accompanying massive fluid resuscitation in burn patients, abdominal distention
can no longer accommodate the increase in volume and IAP begins to increase. In
the presence of an abdominal eschar, abdominal distention is restricted and increased
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IAP is achieved with lesser increases in IAV and ACS occurs with less fluid resus-
citation volumes. IAP should be closely monitored in patients requiring large
amounts of fluids or having abdominal eschars [77]. In these patients, limitation in
crystalloid administration is necessary along with escharotomies if circumferential
abdominal burns are present.

9.4.9 Early Excision

Early operative intervention through early excision and skin grafting has been
shown to decrease infection rates and length of hospital stay and improve burn
patients’ survival [78]. Once a diagnosis of “deep” injury is established early exci-
sion is indicated. Deep injury includes both full-thickness and deep partial-thickness
burns. Excision can be performed by two techniques: tangential excision and fascial
excision. Tangential excision is the standard operative technique as it preserves
body contour through the preservation of underlying viable tissue [79]. Using a
Goulian knife or a Watson knife debridement of deep-partial burns proceeds till the
appearance of punctate bleeding with a white viable dermis. As for full thickness,
debridement proceeds layer by layer until coming upon yellow glistening viable
subcutaneous tissue [80]. Following excision, split-thickness autografts are used for
wound closure [79]. In the setting of extensive burn injury, there may not be enough
viable skin to harvest, several alternatives can be used either to sustain the injury
while the donor sites heal or when there is no viable skin left.

Early closure of open wounds is of paramount importance. This is achieved usu-
ally with skin autografts, however, sometimes due to the non-availability of skin
donor sites in major burns, cadaveric skin allografts are a valuable alternative tem-
porary coverage solution until further donor sites are healed and available again to
use. Allografts can either be fresh cadaveric or cryopreserved [81]. Allografts’ addi-
tional advantage is that they can vascularize when applied, and such can test for
wound bed viability and immune rejection [79]. Other temporary skin substitutes
can derive from animals, mostly porcine, named xenografts; they are usually used
for partial-thickness burns and they do not vascularize [81, 82].

9.4.10 Nutritional Support

The hypermetabolic response in children with major burn injuries increases caloric
requirements significantly and sets the patient in a state of negative nitrogen bal-
ance. Feeding initiation via a naso-enteral tube is advised within the first 12 h of
injury [5]. Recommended caloric intake is shown in Table 9.6. It is important to note
that non-protein feeding does not influence lean body mass loss and overfed patients
will store the extra calories as fat [5].

Protein requirements in the setting of severe burn injury are markedly increased
due to use in gluconeogenesis, wound healing, and increased losses through wound
and urine [83]. Optimization of protein synthesis and the offset of the negative
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Table 9.6 Recommended caloric intake in the pediatric burn patient

Category Age (years) Maintenance (kg) + % Burn calories per day
Infants 0-1 98-108 +15 x TBSA
Children 1-3 102 + 25 x TBSA

4-6 90 +40 x TBSA

7-10 70 +40 x TBSA
Adolescents
Male 11-14 55 +40 x TBSA

15-18 45 +40 x TBSA
Female 11-14 47 + 40 x TBSA

15-18 40 +40 x TBSA

nitrogen balance is the goal of nutritional support [84]. In the determination of pro-
tein requirements, the calculation of nitrogen balance is used [85]. High protein
feeding is considered successful in burned patients but increased amino acid avail-
ability alone will not reverse protein catabolism [86]. This is due to amino acid
transport defects that can be reversed with the use of anabolic agents such as insu-
lin-like growth factor-1 [83].

9.5 Conclusion

Pediatric burn injury in the setting of war has not yet been fully explored. On- and
off-site management are still subject to great enhancement and progress to decrease
the morbidity and mortality associated with this population. It is important to note
that while effective acute management can decrease morbidity and mortality, the
years following burn injury are still burdened with metabolic, skeletal, and psycho-
logical dysregulation, especially in the setting of war. Management should aim to
attenuate both the acute and the chronic sequelae of pediatric burn injury.
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Elias Elias and Marwan W. Najjar

10.1 Introduction

Traumatic Brain Injury (TBI) among young patients may lead to detrimental neuro-
logical and cognitive deficits, causing an everlasting burden. Mechanisms of TBI
alter depending on age category [1], and vary from domestic abuse, and falls, to
motor vehicle accidents. TBI Pathology also differs depending on age groups. The
younger the child is, the more likely he will endure a subdural hematoma (SDH) and
diffuse brain edema compared to contusions and diffuse axonal injury among ado-
lescents [2]. Examining the toddlers and small-aged category is further a difficult
task. The clinical presentation is variable depending on the mechanism of trauma,
and the pediatric Glasgow Coma Scale is mainly used as an assessment tool [3].
Special care to details should be given to the pediatric population; even scalp bleed-
ers can be a source of significant blood loss and hemorrhagic shock in infants.

Initial emergency management always entails several measures including avoid-
ing hypotension, running primary surveys to rule out another organ injury, head
elevation to allow proper jugular venous drainage, and careful manipulation of the
cervical spine [4]. In addition, interviewing witnesses and family members is impor-
tant for understanding the mechanism of injury.

The pediatric skull is different from the adult bone. It has higher plasticity prop-
erties, hence leading to better absorptive forces and clinical manifestations [5]. The
presence of open sutures in infants can avert an increase in ICP. However, these
open suture lines themselves are a risk for growing skull fractures [6]. With respect
to skull fractures, linear fractures are more observed over the parietal area, followed
by the occipital, frontal, and temporal bones [7]. The presence of extracranial sub-
cutaneous swelling is an indirect diagnosis of such fractures [8].
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When it comes to the site of brain injury, head-to-body volume or head-to-torso
ratio in the pediatric population is higher than in the adult counterpart [9]. This puts
the pediatric population at higher risk of head injury [10] due to the bigger forehead
protuberance and a higher risk of frontal bone trauma, and frontal lobe contusions.

In the setting of significant head injury, primary objectives in management
include maintaining adequate oxygen delivery and proper cerebral perfusion pres-
sure, as well as reduction of intracranial pressure (ICP). In general, ICP in adults
ranges normally between 5 and 15 mmHg, however, these values can vary depend-
ing on patient age, such as 2-7 mmHg in infants and young children [11].

By and large, the treatment includes two tiers. The first tier approach entails
medical management, along with sedation or anesthetics to decrease the metabolic
brain demands. This is usually accompanied by ICP monitoring. In case of failure
of these strategies, hyperosmolar agents along with controlled ventilation are imple-
mented to decrease the ICP. In the event of medical treatment resistance, escalation
to second-tier therapies such as decompressive craniotomies can be used as protec-
tive measures to decrease the ICP.

10.2 Mechanisms of Injury

Falls are the most common mechanism in children suffering a head injury, followed
by motor vehicle crashes, pedestrian and bicycle accidents, assaults, sports-related
trauma, abuse, and projectiles in war conflict areas [12, 13]. These mechanisms
cause isolated head trauma in the majority of patients [12]. Infants in general endure
more falls and are at increased risk for inflicted injury. Moreover, children who
remain in the care of the perpetrator are at significant risk of being injured again.

10.3 Imaging

The aim of neuroimaging is to acquire a quick and sensitive diagnostic assessment
of injury extent. A Skull X-ray is not of any value anymore in the presence of other
imaging modalities. It only depicts skull fractures but gives no hint regarding the
brain parenchyma and extra-axial presence of blood collections. Ultrasound (US) is
a bedside modality that is radiation-free and considered a cheap technique. It can
accurately diagnose pediatric skull fractures when compared to CT scans, nonethe-
less, its use is restricted to the neonatal period only [14]. CT scan correlates well
with the clinical presentation [15] and is considered the gold standard for TBI diag-
nosis [16]. MRI is mainly used in the acute stage after head injury in stable patients
when CT findings do not explain the neurological symptoms and in the subacute/
chronic phases. However, it cannot be utilized in case of foreign bodies penetration,
has a longer acquisition time when compared to CT and US, and got a lower sensi-
tivity rate to detect bone fractures and fragments.
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10.4 Treatment: Medical

Most cases of mild to moderate TBI may be managed conservatively by simple but
important measures. Head elevation is crucial in reducing traumatic congestion of
the brain and is imperative in addition to neurologic observation and avoidance of
excessive hypotonic fluids. Intracranial pressure (ICP) monitoring is not recom-
mended for most of these cases, but rather in the setting of severe head injury when
the Glasgow Coma scale (GCS) is less than 8.

10.5 ICP Monitoring

The intraventricular catheter is the gold standard for ICP measurement. It
offers both monitoring and the ability for CSF drainage [17]. The implication
of CSF drainage via ventriculostomy or lumbar drain is not well investigated in
the literature and is considered level III evidence [18]. Unfortunately, the
placement of such catheters is impossible in cases of severe edema and col-
lapsed ventricles.

Intraparenchymal intracranial pressure sensors or intraparenchymal probes can
be used as equally sensitive methods for ICP measurement [19]. They were intro-
duced for the first time in the Brain Trauma Foundation Guidelines for TBI in
children in 2003 [20, 21]. The main indication was early detection of high ICP
among patients with severe TBI, patients with traumatic mass lesions, or in whom
the serial neurologic examination is precluded by sedation, neuromuscular block-
ade, or anesthesia [22]. The presence of an open fontanel and/or sutures or a
normal CT scan in an infant with severe TBI does not prevent the development of
high ICP or exclude the use of intracranial pressure monitoring. However, ICP
monitoring is not regularly suggested in infants/children with mild or moderate
head injury [23].

10.6 Cerebral Perfusion Pressure

Although Cerebral Perfusion Pressure (CPP) is currently mentioned in the adult
TBI guidelines [24], no large studies have been conducted for the pediatric popula-
tion. Despite the lack of level I and II evidence regarding the relationship between
cerebral perfusion pressure (CPP) and clinical outcome, it is still highly recom-
mended in intensive care unit medical practices to manage both ICP and CPP in
pediatric patients with severe TBI [21]. A study conducted by Chambers et al. on a
sample of 235 TBI pediatric patients found a correlation between CPP and clinical
outcome, after age-stratified critical levels of CPP, among age groups of 2-6, 7-10,
and 11-16 years, CPP values of 43, 54, and 58 mmHg, respectively, were associated
with good outcomes [25].
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10.7 Temperature Control

Hyperthermia should be avoided in order to decrease the brain’s metabolic demands,
lipid peroxidation, the increase in parenchymal inflammation, and more impor-
tantly, to decrease seizure incidence. Hence the importance of a hypothermic state
induction, as part of the intracranial hypertension treatment modality, that is consid-
ered level II evidence. However, no clear benefit was noted regarding the outcome
at 6 months post-severe TBI in the pediatric population [26].

10.8 Hyperosmolar Therapy

Hyperosmolar therapy is the standard treatment to reduce ICP in severe TBI
adult patients. Hypertonic saline (HS) and mannitol are the most widely used
agents. Common HS solutions are 3%,5%, and 7.5% [27]. There is a difference
in the suggested mechanism between mannitol and HS. Mannitol has both a rhe-
ological and a vasoconstrictive effect, both of which help in the decrease of ICP
[28]. On the other hand, HS acts by creating an osmotic gradient, which is a shift
from the intracellular space to the interstitial volume [29]. Despite that, both
arms are commonly used in the daily practice among pediatric TBI, where level
IT and III evidence recommend the use of HS 3% boluses in pediatric patients
with high ICP, due to the lack of sufficient data and papers on the use of manni-
tol [30].

10.9 Anticonvulsants

The pediatric population has lower seizure thresholds when compared to their
adult counterparts [31]. What makes the situation worse, is the subtle nature of
the seizures, making their detection more difficult to spot [32]. Post-traumatic
seizures can be labeled as early seizures when they occur within 7 days of the
insult, and late whenever occurrence is after 1 week of the trauma. It is consid-
ered a good idea to prevent such seizures, however, the side effects of antiepilep-
tic drugs have an undesirable impact (impaired learning, behavioral changes,
skin rash, hematological abnormalities, ataxia, Stevens-Johnson syndrome) and
should be avoided [33]. When it comes to early post-traumatic seizures, some
data show a benefit in starting antiepileptic drugs (AED) early on especially
when GCS is <8. Moreover, level II and III evidence indicates that prophylactic
anticonvulsant therapy after 7 days from TBI, did not prevent later post-trau-
matic seizures [34]. Moreover, no specific guidelines have been approved about
the duration of the AED [35, 36]. Further studies should be carried out to assess
the outcome in terms of mortality and the effect of the anticonvulsant therapy on
different age categories.
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10.10 Corticosteroids

The use of steroids in children with traumatic brain injury lacks literature evidence
and might inflict harm such as infectious complications, and suppression of endog-
enous cortisol levels. In addition, its use was not associated with improved out-
comes, nor reduction of ICP or mortality rate [37].

10.11 Treatment: Surgical-Decompressive Craniectomy

During trauma, physiologic equilibrium is breached and compensatory mechanisms
operate to keep ICP constant [38]. This autoregulation may be disturbed in severe
TBI, causing neurological deterioration and brain herniation. A normal ICP in
adults is below 15 mmHg. When it reaches a level above 20 mmHg in TBI patients,
it is considered pathological and appropriate adjustment is necessary. Once ICP is
resistant to medical interventions, second-tier treatment modalities may become
necessary.

Surgery is an option whenever ICP is refractory, and brain edema is not resolv-
ing. Kocher [39] and Cushing [40] were the first to use Decompressive surgery (DC)
as a tool to decrease ICP in TBI cases. It provides a way to physically create more
space for the brain allowing it to relax, helps in evacuating the hematomas, and
decreases the risk of herniation. Consequently, cerebral blood flow and cerebral
perfusion pressure will increase, improving brain tissue oxygenation.

Currently, the evidence describing the benefits of DC in pediatric TBI patients is
limited; mostly level II and III evidence [21]. Different techniques have been
described for decompressive craniectomies including bifrontal craniectomies,
bitemporal, wide unilateral, and bilateral frontotemporoparietal craniectomy
[41-43].

For the frontotemporoparietal craniectomy, the patient is placed in a supine posi-
tion, with the head turned to the contralateral side. A reverse question mark incision
is created from the root of the zygoma, around 1 cm in front of the tragus, going
around the back of the ear helix reaching approximately 2 cm lateral to the midline
(to prevent damage to the superior sagittal sinus) and anterior to the coronal suture.
The bone flap should be extended inferiorly toward the floor of the temporal fossa
[44]. Insufficient bony decompression will cause mushrooming of the brain paren-
chyma, and further damage to the brain cortex, and cortical veins engorgement [45].
The bifrontal craniectomy technique is mainly applied in the case of frontal lobe
contusions and can be used for generalized cerebral edema. The incision is created
from the zygomatic area bilaterally, to around 2 cm from the coronal sutures poste-
riorly. The craniotomy flap extends to the orbital roofs anteriorly. The superior sag-
ittal sinus will need to be sacrificed anteriorly, by ligating it with stitches and cutting
it with scissors. The falx should be also sectioned. This step will allow better brain
expansion and prevents the brain from herniating against a tight dural edge.
However, surgery comes with a risk of complications such as hydrocephalus,
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subdural hygroma formation, new hematoma formation or hematoma progression,
and wound infection [46].

10.12 Prevention, Future Considerations, and Conclusion

Preventive methods and anticipatory guidance are the most important measures
against TBI. Law implementation, such as seat belts, car seats, and helmet use [47].
Education regarding seat use, with correct position, never in the front but in the back
seat, and facing the rear of the car, use of head helmets during bicycling, skating,
rollerblading, skiing, and practicing martial arts fights is of utmost importance.
Future research should be conducted in order to stratify what is normal ICP accord-
ing to age category. Although randomized controlled trials continue to be the gold
standard to provide level I evidence for TBI, we are aware of the lack of sufficient
understanding of many basic aspects of TBI which limits the standardization of TBI
management [48].

10.13 Case lllustration

A 15-year-old male, previously healthy, endured a motor vehicle accident 24 hours
prior to presentation. The patient was on ATV when he was hit by a car. He was not
wearing a helmet. As per the family, he lost consciousness and was vomiting before
being transferred to another hospital where he was rushed to the operating room for
a right-sided decompressive craniectomy.

Upon presentation in the emergency department, he was agitated, moving all
four extremities, and the pupils were equal and sluggishly reactive at 3 mm before
being fully sedated. After admission to the Pediatric ICU, we recommended head of
the bed elevation at 30 degrees, to keep sodium in the range of 145-150 by admin-
istering 3% hypertonic saline, PC02 in the range of 28-32, and a possibility of an
ICP monitor placement based on the CT scan results.

A CT scan showed a left temporal hemorrhagic contusion with a neighboring
subdural hematoma, measuring 18 mm in maximum diameter with associated sur-
rounding vasogenic edema and effacement of the adjacent sulci and mass effect on
the left hemisphere and left lateral ventricle with a 5-mm shift of the midline struc-
tures to the right. This was associated with left uncal herniation, and a hypodensity
in the left cerebral peduncle and the genu of the left internal capsule as well as in the
medial aspect of the right thalamus that may represent diffuse axonal injury
(Fig. 10.1a, b). He was rushed to surgery for a left-sided decompressive craniec-
tomy (Fig. 10.2). After the surgery, a Camino ICP monitor (Integra Life Sciences)
was inserted denoting a normal ICP level ranging between 12 and 16 mmHg. One
month after the bilateral surgeries, a repeat CT brain showed bilateral subdural
hygromas which resolved spontaneously (Fig. 10.3). Two months post-bilateral
decompressive surgeries, the patient underwent bilateral cranioplasties and replace-
ment of the bone flaps (Fig. 10.4a, b). Four months post-TBI, the patient is
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Fig. 10.1 (a) CT scan of the upper section of the brain showing right decompressive craniectomy,
and left side edema with mass effect on the lateral ventricle. (b) lower CT scan cut showing left
subdural hematoma and contusions with significant edema and effacement of basal cisterns

Fig. 10.2 CT scan section
post-bilateral
decompressive
craniectomies with some
bulging of the brain
through the bony defects,
but less cerebral edema

wheelchair bound, still on an NG tube, but able to swallow food, and the tracheos-
tomy was reduced and closed. He wears a diaper, speaks a few words with repetitive
anxious behavior, and still suffers from right spastic hemiparesis.
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Fig. 10.3 CT scan at
1-month follow-up after
craniectomies showing
widening ventricles and
bilateral subdural
hygromas. The edema is
markedly reduced

Fig. 10.4 CT scan at 2 months follows up. (a) Bone window setting showing replacement of
bilateral bone flaps. (b) Brain setting showing resolved edema, and minor subdural hygromas
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11.1 Introduction

Pediatric chronically injured limbs present later than 6 weeks following the initial
event and necessitate a specialized approach that goes beyond the “proximal-
middle-distal third” paradigm that is often employed for acute traumatic injury. As
a tertiary referral center, patients are often referred to the American University of
Beirut Medical Center many weeks, and even months, following the initial injury.
These patients present a unique challenge in that they did not have access to expert
care during the early stages of injury. Thus, many present with chronic wounds or
inadequate reconstructions that do not provide adequate coverage or bone stability
for ambulation.

A great number of our pediatric patient population arrive with little-to-no previ-
ous medical records. Moreover, their parents or guardians only have limited ability
to accurately recount the numerous interventions previously undertaken. For this
reason, it is vital to illicit clinical details in the proper sequence. A good physical
examination can also help piece together a telling history that will help the treating
surgeon in formulating a coherent treatment plan moving forward.
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When evaluating a chronically injured lower extremity in the child, it is impor-
tant to glean the patient’s functional status. Eliciting the time between injury and
presentation allows the surgeon to determine how the patient has compensated in
response to their newfound disability. In general, the longer the chronicity of the
injury, the more deconditioned the musculature in the affected limb may be, espe-
cially if ambulation is severely limited. Not only does this impact surgical planning,
but it also implies a protracted recovery post-reconstruction. Proper evaluation,
preservation, and reconstruction of the soft tissue of the injured upper or lower
extremity are of paramount importance in helping mitigate recovery.

11.2 Epidemiology

Despite advancements in warfare, training, and protective equipment, modern rates
of military and civilian extremity injuries are comparable to those seen in major
conflicts of the twentieth century. Although these injuries contribute to less overall
mortality as compared with injuries to the trunk, abdomen, and head, their effects
are often severely debilitating [1-3].

During the conflict, children may be victims of crossfire injuries, military ord-
nances on their homes, improvised explosive devices (IEDs), or unexploded ord-
nances or landmines [4, 5]. Between 2009 and 2015, 3746 children died, and 7904
were injured as a result of armed conflict within Afghanistan [6]. IEDs and explo-
sive remnants of war accounted for 29% of child casualties in 2015 [6]. According
to the US army databases from Iraq and Afghanistan, pediatric casualties repre-
sented 5.8-7.1% of all admissions in battlefield medical treatment facilities (MTFs)
[7, 8]. In this patient population, extremity injuries were present in 30—40% of cases
and included both penetrating and blunt trauma. Among these, soft tissue injuries,
traumatic below-knee amputations, and closed femur fractures were the most com-
mon diagnoses [9, 10].

A retrospective analysis of blast injuries collected from the UK Joint Theatre
Trauma Registry of emergency pediatric admissions identified 295 cases from June
2006 to March 2013 revealing an overall mortality rate of 18.5% [6]. IEDs (68%)
represented the most common blast mechanism and accounted for 80% of fatalities,
with the lower extremities representing the most commonly injured region, account-
ing for 31% of total injuries [6].

11.3 Challenges

The main objective of the initial management of combat-related trauma is to pro-
vide life-saving, limb-saving, sight-preserving, and visceral organ-preserving care
[11]. An ever-increasing number of both military personnel and civilian casualties
are now surviving injuries, that a few decades ago would have proved fatal.
Reconstructive surgeons are thus faced with progressively more challenging extrem-
ity wounds that warrant reconstruction [11]. Lower extremity reconstruction fol-
lowing modern battlefield trauma poses significant challenges for the reconstructive
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surgeon compared with lower extremity injuries seen in the civilian population [12,
13]. High-energy blast impact from IEDs leads to an extensive zone of injury, which
often results in limited donor site options for reconstruction [14, 15].

11.4 Idiosyncrasies of Modern Combat Trauma

Modern warfare injuries are characterized by high-energy trauma, massive tissue
loss, multiple concomitant injuries, and gross bacterial contamination [14, 16, 17].
Therefore, the challenge in treating these wounds compared with those occurring in
civilian settings is unquestionable [11]. Inadequate perfusion, heavily contaminated
open fractures, exposed bone with stripped periosteum, and devitalized tendons add
to the complexity of these cases [11, 18]. These injuries often result in significant
and detrimental soft and bony tissue loss, and associated trauma sustained to adja-
cent tissues means that direct closure or local flaps may not always be feasible [1,
19, 20]. Although amputation is inevitable, and even the preferred treatment in cer-
tain cases, successful limb salvage with optimal functional recovery can lead to
significant improvement in quality of life for pediatric patients, whose potential for
successful adaptation following injury is greater than that for adults [21]. With tech-
nological advancements, limb salvage has been reported in as high as 93% of
patients from recent conflicts with high-energy ballistic injuries [12, 22].

11.5 Timing

Godina demonstrated that failure and complication rates of free-tissue transfer in
civilian patients increase if the operation is performed more than 72 h after injury
[23]. However, there are significant differences in combat injuries, which can be
contraindications to immediate free-tissue transfer [24]. This is often logistically
impossible when taking into account the perilous environment and the difficulties
and delays that may be encountered in stabilizing, evacuating, or repatriating
patients in combat zones [11]. In recent conflicts, the average time from injury on
the battlefield to arrival at a local tertiary medical center was 4-10 days [25]. In
addition, the subacute treatment allows time for other more serious injuries to be
overcome, which is especially important in the treatment of critically ill patients
requiring inotropic support [26]. In contrary to the civilian setting, limb soft tissue
reconstruction is usually delayed and addressed in the subacute or delayed phase
after addressing more serious life-threatening injuries. Certain schools of thought
advocate that a subacute or delayed reconstruction may even be ideal for high-
energy wounds as the true zone of trauma may not be immediately apparent and
may require time to declare itself and that premature attempts at early reconstruc-
tion may compromise flap healing as further debridements may be necessary before
definitive surgery [27].

In a systematic review of 11 studies, Theodorakopoulou et al. showed positive
short-term outcomes for free-flap reconstruction conducted during the subacute and
delayed period [11]. Celikoz et al. identified a cohort of 215 patients with lower
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limb blast injury, treated 7-21 days post-trauma (subacute period) revealing a 91.8%
muscle free-flap success rate and full weight bearing at 4 months (foot trauma) and
8.4 months (leg trauma) [28].

11.6 Polytrauma

War-related injuries are often associated with poly-extremity trauma. Because of
heavy casualty loads, it is essential that definitive repairs are performed in a time-
efficient and reliable manner, e.g., the use of a single-stage or sequential free-flap
repair to address large defects [11]. Multiple free flaps in the same patient for mul-
tiple limb salvage have demonstrated a significantly higher failure rate but no sig-
nificant difference in overall complication rate compared with single limb salvage
[29]. In a study by Valerio et al., patients who had sustained simultaneous upper and
lower extremity injuries underwent reconstructions of both defects during a single
operation with a statistically significant increase in the complication rate but a simi-
lar overall flap survival and limb salvage rate compared with the single-flap proce-
dures performed by the group [30].

11.7 Pre-operative Evaluation

Assuming that the patient is ambulatory, the examination actually precedes history
by noting how the patient ambulates upon entering the office—the presence of a
limp, the need for assistive devices such as a walker or crutches, or assistance from
a companion. The patient’s ability to ambulate and bear weight on the injured limb
portends a good outcome in terms of limb salvage even if the patient is in need of
moderate assistance. A good history should elicit the mechanism of injury in addi-
tion to other associated injuries. It is also important to note all previous interven-
tions as the challenges faced by previous surgeons lend clues for future
interventions.

Examination of the injured limb is first done by looking at both the affected and
the non-injured limb concomitantly. I generally begin by taking inventory of all
parts, including toes, along with surface anatomy. If the foot is involved, I take stock
of the forefoot, the in-step, and the heel as each of these weight-bearing surfaces can
be reconstructed differently. I also examine all joints, from the toes to the hip, as
limited range of motion in any one of these carries with it various degrees of dis-
ability. I note differences in length between feet, legs, and thighs. By combining the
latter findings with accompanying scar patterns one might be able to infer diaphy-
seal, symphyseal, or epiphyseal injury.

I examine the patient’s ability to range each joint as that additionally provides
information on the functionality of the muscle groups that move them. Disability
in movement may stem from muscle, tendon, nerve, or injury to any combination
of these. Differences in girth in the legs or thighs are usually due either to missing
muscle, atrophied muscle, or both. Of course, a good examination of sensory
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function may lead to a diagnosis of motor nerve injury by association. While
Peroneal nerve injury may be compensated by orthotics to brace the ankle joint,
Tibial nerve injury is tolerated to a much lesser degree as plantar sensation is
compromised along with the powerful drivers of the posterior compartment mus-
cles of the leg.

11.8 Algorithm

We have devised a straightforward classification to help in the management of these

limbs. This algorithm is devised to determine the soft tissue and bony components that

need to be reconstructed. We additionally take into account prior surgeries in order to
determine the local tissue environment that would dictate the use of local versus dis-
tant flap options. We propose a systematic approach to their reconstruction.

Once complete stock of lower extremity function is taken, I then classify the
chronic war injury of the extremity into one of the following three categories:

1. Simple: missing skin and/or muscle; surrounding soft tissue is soft and supple;
local tissue is available for reconstruction.

2. Intermediate: missing or injured nerves and tendons with or without skin and
muscle; surrounding soft tissue is partly or wholly scarred, but local or regional
tissue is available for coverage; may be associated with a chronic, draining
wound, or sinus.

3. Complex: missing or injured bone with or without any other soft tissue compo-
nents; significant scarring and/or distortion of surrounding tissue precluding any
local or regional options for reconstruction; may be associated with a chronic,
draining wound, or sinus.

11.9 Adjunct Therapy

Fleming et al. demonstrated the successful use of dermal substitutes, regenerative
matrices, and tissue expansion in single-patient case reports, primarily used as an
adjunct to traditional flaps for preserving limb length in war-related amputation
stumps [31]. While definitive reconstruction is often delayed, extremity wounds
could be managed by aggressive debridements and VAC (Vacuum-assisted closure)
dressing changes as merely bridging measures. VAC therapy allows the drainage of
exudate, removes metalloproteinases that have been shown to delay wound healing,
prevents drying, promotes vascularity, reduces edema, and eliminates the need for
bulky dressings that need frequent changing [11].

Intraoperative indo-cyanine green laser angiography (ICGLA) has also been
used as a guidance tool for complex debridement in heavily contaminated
wounds, soft tissue avulsion injuries, amputation stumps, and flap design and
assessment [32]. In a retrospective series, intraoperative plans were modified
due to perfusion-related issues in 35 out of 186 (18.8%) patients, as detected
by ICGLA [24].
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11.10 Flap Selection

Pedicled and free flaps have been precious tools in the armamentarium of recon-
structive surgeons when treating pediatric war injuries. Sabino et al. reported
10 years of experiences at Walter Reed National Military Medical Center where 359
flaps were performed for war-related extremity trauma (143 free and 216 pedicled
flaps), including poly-extremity trauma and reconstruction, with outcomes compa-
rable to other military and civilian lower extremity reconstruction [33]. In this
series, 55% of flaps were muscle flaps, and 42% were fasciocutaneous flaps with the
most common free muscle flap being the latissimus dorsi (13%), the most common
free fasciocutaneous flap was the anterolateral thigh (11%), the most common ped-
icled muscle flap was the gastrocnemius (17%), and the most common pedicled
fasciocutaneous flap was the sural flap (6%) [33].

In a patient who is multiply injured and requires amputations, it is especially
important to bear in mind that the integrity of their girdle, truncal, and core muscu-
lature will be necessary for future mobility [33]. Subsequently, Latissimus dorsi and
rectus abdominis flaps may not be ideal for amputees, making anterolateral thigh
flaps more appropriate; however, these flaps may often be in the zone of injury of
lower extremity wounds [11].

Some experts advocate the preferential use of fasciocutaneous and perforator
flaps over abdominal or truncal muscle flaps because of preserved core and girdle
strength for future rehabilitation and mobility and reduced rates of infection in cer-
tain centers [30, 34].

Yazar and colleagues reported equal outcomes between muscle and fasciocuta-
neous flaps in terms of flap survival, postoperative infection, osteomyelitis, primary
and overall bone union, and ambulation without crutches [35]. Thus, donor site
morbidity and its effect on physical rehabilitation can become important consider-
ations in flap selection [33].

Many of the local tissues commonly used as the workhorses of extremity recon-
struction are often compromised by the extensive zones of injury and traumatic
amputations associated with a modern blast and war injuries [33].

As reconstructive surgeons continue to develop their skills in harvesting perfora-
tors and increasingly smaller pedicles with the advent of super microsurgery, we
will undoubtedly be witnessing a shift in the types of free flaps preferentially used
to reconstruct these defects [11].

11.11 Complex Reconstruction
11.11.1 Vascular Injury
Concomitant vascular injuries are common in ballistic lower extremity wounds. In

arecent report, 24% of patients requiring flap coverage for ballistic lower extremity
wounds had concomitant vascular injuries that required emergent repair [36].
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Flap coverage was performed at an average of 31 days following vascular repair
with an overall flap failure and complication rate of 8% and 31%, respectively,
which was comparable to the complication rate of flaps not requiring vascular repair
(10% and 28%, respectively) [36].

Vascular repair does not necessarily precede soft tissue coverage; both issues
might be addressed simultaneously using flow-through flaps. Ever since Foucher
first described the flow-through variant of the radial forearm-free flap in 1984, [37]
other flaps such as the rectus abdominus flap, anterolateral thigh flap, temporopari-
etal fascial flap, and osteocutaneous fibula flap have all been used as a flow-through
flap for simultaneous vascular and wound reconstruction [38]. Flow-through flap
reconstruction may have higher patency rates than arterial reconstruction alone due
to the increased flow across and through the flap [39, 40].

The additional time needed for the distal anastomosis must be balanced against
the patient’s condition at the time of operation to achieve a potential benefit [38].

Diagnosis of extremity vascular injuries becomes a critical step in pre-operative
planning and choosing the recipient’s vessels. An end-to-side arterial anastomosis is
indicated in patients with single- or two-vessel limb perfusion, where the distal
recipient vasculature must be preserved for adequate blood flow to the foot [41, 42].

11.11.2 Bone Defects

It is hard to discuss the approach to soft tissue reconstruction in the chronically
injured lower extremity without taking into account other tissue elements including
skeletal support. Bones offer the skeletal support which forms the basis of weight
bearing, and ultimately ambulation.

Management of bone defects strongly depends on the length of the existing gap
with nonvascularized cancellous bone grafts, best used for nonunions or small bone
gaps of less than 5 cm, bone lengthening or distraction osteogenesis for defects of
4-8 cm, and vascularized bone grafts with an average healing time of 6 months ideal
for defects greater than 5 cm [43].

11.12 Amputation

Although preservation of a fully intact, functional extremity is an ideal endpoint in
such injuries, it is important to consider that amputations still form a significant and
necessary management option in these patients [44].

With technological advances in resuscitative trauma care and fracture manage-
ment, reconstructive options have evolved as well, with more injuries salvaged than
ever before [21]. This further adds to the importance of attempting limb salvage at
the initial encounter. However, according to the Military Extremity Trauma
Amputation/Limb Salvage (METALS) study, those treated with amputation had a
better functional outcome than limb salvage at 3 years post-injury, with both groups
demonstrating moderate to severe physical and psychosocial disability [45].
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The concept of “spare-part” surgery, using uninjured tissue from otherwise
unsalvageable extremities, can also be applied as a means of minimizing the cre-
ation of new thoracoabdominal donor sites, which further optimizes future rehabili-
tation and recovery [44, 46]. Where full salvage is not possible, the use of free-tissue
transfer can prove an invaluable tool for conferring residual limb length and allow-
ing for the creation of a pain-free, sensate, and resilient stump [31, 44].

Because traditional scoring systems such as the Mangled Extremity Severity
Score (MESS) fail to accurately predict the outcome of limb salvage in ballistic
wounds, the decision to perform an amputation versus limb salvage is reserved
until evacuation and transport to an advanced treatment facility [21]. The UK
Joint Theatre Trauma Registry (JTTR) was interrogated to identify all lower
extremity traumatic amputations sustained in both Iraq and Afghanistan between
January 2003 and the end of UK operations in August 2014 revealing 977 casual-
ties and yielding the largest analysis of combat-related traumatic amputations
and confirms that they are associated with significant mortality [47]. More impor-
tantly, several specific injury characteristics associated with traumatic amputa-
tion have been identified that are associated with an increased mortality rate to
include a more proximal amputation level, pelvic fracture, and abdominal
injury [47].
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The Role of Microsurgery in Pediatric 1 2
War Injuries

Reem A. Karami and Amir E. Ibrahim

12.1 Introduction

War is among the 10 leading causes of death in children around the world. More
than 6 million children have been injured or permanently disabled by war over the
past decade [1]. Children are particularly a high-risk population for injury due to
inherent physical and physiologic vulnerability [2]. It is unfortunate that these inju-
ries are not only civilian injuries but sometimes military injuries. Children are often
recruited for military duty due to their helplessness and emotional immaturity [3].

Like adults, children are prone to penetrating vascular injuries, head and neck
injuries, and injuries to the thorax and abdomen. Injury to the extremities remains to
be a very common form of injury in war [4]. Limb injury has implications for a
growing child increasing the need for revision surgery compared to adults. Battlefield
trauma and war injuries are significantly different than civilian trauma. These inju-
ries usually cause extensive soft tissue defects, bone fractures, and injury to nerves,
tendons, and vessels that pose an overwhelming reconstructive challenge. The sur-
geon needs to account for wound contamination and large zones of injury with
extensive microvascular compromise [5].

Over the past decade, there has been a paradigm shift in trauma care. With better
damage control to stabilize critically injured patients, more wounded patients are
being evaluated for reconstruction. This improved survival rate, in the setting of
increasing severity of injuries, has contributed to an increase in the complexity of
the wounds. This translated to an increase in the complexity of treatment modalities
in war injured patients [6]. The reconstructive surgeons are often faced with exten-
sive wounds and significant soft tissue and bone loss which drives them to consider
procedures that were previously concerning. The aim of treatment no longer focuses
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solely on life, but a functional reconstruction is becoming a more feasible and real-
istic endpoint [7].

With advances in microsurgical practice, the role of free tissue transfer in bal-
listic trauma is rising. This reconstructive option is able to cover large defects
with well-vascularized tissue in a single procedure. With microsurgical proce-
dures, open fractures can be covered, enabling a faster recovery and preserving
future limb function. A major advantage is that it allows for the transfer of
unharmed tissue distant from the zone of injury [8]. The problem is that in a war
scenario, it may be difficult to access a surgical service and equipment to perform
these procedures. But even in a low-resource setting, a skilled surgeon should be
able to perform these procedures; this is where experience becomes extremely
relevant [9].

While free tissue transfer is established in the adult age group, its application in
the pediatric age group is somehow recent. Anxiety over the feasibility of micro-
surgery in children remains. There is concern about small vessel size and vaso-
spasm making the anastomosis more difficult and increasing flap failure rates.
Limited donor site and donor site morbidity and growth implications should also
be considered [10]. Ballistic trauma and subsequent injury to the microvasculature
further add to this anxiety. Nevertheless, over the past decade, pediatric microsur-
gery has proven to have high success rates, making it a reliable reconstructive
option [11].

12.2 Location of the Defect

Understanding the injury pattern and characteristics of the ballistic trauma will help
guide the clinical decision in the form of reconstruction to be used. It is understood
that head and neck trauma is an extremely common war injury in the pediatric age
group. This is followed by extremity trauma, and thoracic and abdominal inju-
ries [4].

12.2.1 Upper Extremity

The most common form of injury that might necessitate microsurgical reconstruc-
tion is extremity injuries. Compared to adults, children have a higher rate of upper
extremity injuries. These vary from simple fractures to more complex traumatic
amputations [12]. Mangled upper extremities are particularly challenging.
Mutilation of the extremity with high-impact trauma, blast, and crush is associated
not only with bony fractures but also with extensive soft tissue loss. Due to the
severity of these injuries, microsurgical tissue transfer is often required not only for
coverage but also to ensure a good functional outcome. Limb salvage is not the only
concern here. Attempts at a functional limb restoration should be fully exhausted
[13]. Prior to the era of microsurgery, preservation of mangled upper extremities
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Fig. 12.1 (a) A 13-year-old boy with severe wrist contracture. (b) After release, wrist fusion, and
reconstruction

was not a possibility. With the refinement of surgical technique, a more sophisti-
cated reconstruction is possible (Fig. 12.1). Free flaps can be designed to include
multiple types of tissue. Functional muscle transfer has a definite role in the restora-
tion of upper extremity function, especially for recovering finger, wrist, elbow, and
shoulder flexion and extension. This can be achieved by the transfer of innervated
gracilis of latissimus dorsi flaps [14, 15].

12.2.2 Lower Extremity

Lower extremity injuries are less common than in adults and are mostly seen in
landmine strikes [4]. As a general concept, the lower leg has a paucity of soft tissue
and so tolerates trauma poorly. Trauma to this area inadvertently leads to soft tissue
loss often needing free tissue coverage. The need for free tissue transfer becomes
more imminent in cases of Gustilo type IIIB and IIIC open fractures. Conversely,
the thigh has a good amount of muscle and soft tissue which allows for local flap
coverage as opposed to free tissue transfer [16]. The foot and ankle also need special
consideration as they are not amendable to reconstruction with grafts, especially in
young children because of the need for weight bearing and free movement of joints
and tendons. Local flaps in the foot are small in size rendering them inadequate for
coverage of larger defects [17].

Another important issue with the lower extremities is bony growth. Injury to the
growth plate is often problematic creating various degrees of growth disturbances.
Limb length inequality and angular deformity are sequelae in the future. This issue
is further ameliorated in younger children rather than adolescents because of more
years of continued growth. Therefore, preservation of the growth plate becomes
essential. Microsurgical physeal transfer, even though difficult to achieve, is neces-
sary to allow for longitudinal growth [18].

Complex lower extremity reconstruction requires proper preoperative planning.
Even though a single-staged reconstruction is ideal, it may not be practical depend-
ing on the situation.

Finally, in the setting of traumatic amputation, free tissue transfers are used to
cover the amputation stump. In a growing child, skin grafts and local flaps for stump
closure are less optimal choices, as they frequently require revisions. Reliable and
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durable coverage is the epitome to help improve the quality of life of the patient and
decrease ulcerations and complications of the stump [19].

12.2.3 Head and Neck

The vast majority of microsurgical reconstruction of head and neck defects occur
after the oncologic resection of neoplasms. There is a limited role of free tissue
transfer in traumatic head and neck reconstruction [20].

Most large traumatic head and neck defects in a war setting are actually the
result of major burns. Although skin grafts, local flaps, and pedicled flaps are the
mainstay of burn reconstruction, they have their limitations in certain anatomic
areas [10]. This is readily apparent in anterior neck defects. Anterior neck burns
can be covered by skin grafts or by skin substitutes. But often in children, normal
skin grows faster than these grafts increasing the risk of contracture and subse-
quent failure of the reconstruction. Free tissue transfer allows versatile and pliable
tissue to be introduced into a heavily burned area. The aim of the reconstruction
here is not only to restore esthetic appearance but to also maintain function and
range of motion [21].

Even though the majority of free flap reconstruction of burns is used in the
delayed setting, for contracture release, its use in the acute setting is also doable. In
cases of exposed vital structures such as nerves, vessels, bone, and cartilage, free
tissue transfer becomes essential. In addition, early coverage will decrease morbid-
ity, and hospitalization time and will allow for earlier rehabilitation and an eventual
better functional recovery [22].

The downside of microsurgical tissue transfer in head and neck reconstruction is
the inability to bring in thin tissue with similar thickness to the native facial skin
(Fig. 12.2). Prelamination and prefabrication of flaps have been proposed to deal
with this issue, but unfortunately, this is not possible in the setting of acute war
injuries.

12.2.4 Thorax and Abdomen

The role of microsurgery in the reconstruction of chest and abdominal defects in
the acute setting is limited. Due to the abundance of local tissue and muscles, the
majority of defects can be closed by pedicled myocutaneous flaps with or without
synthetic mesh. Free tissue transfer is infrequent and reserved for situations where
no local options are available or in cases of local flap failure [23]. It may also be
used in areas where pedicled flaps reach with difficulties, such as the lower thorax
and upper epigastric areas. The paucity of local tissue and the ribcage rigidity
make local flap mobilization difficult [24]. In general, free tissue transfer is mostly
done as a delayed form of reconstruction and is rarely used in the acute war
setting.
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Fig.12.2 (a) A 10-year-old boy with severe neck contracture. The patient had undergone multiple
previous release and skin grafting, intralesional steroid injections, and CO, laser resurfacing. (b)
Inhibited full neck extension. American University of Beirut Medical Center, (c) After release and
reconstruction with a free fasciocutaneous ALT flap. (d) Full extension achieved

12.3 Timing of Reconstruction

The timing of reconstruction has long been a controversial topic. The controversy is
even more when considering pediatric patients. Godina’s landmark paper in 1986
suggested that early flap coverage, within 72 hours, improved outcomes. Coverage
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in the subacute period, 72 hours to 90 days, had the highest complication and flap
failure rates [25]. Three decades after Godinas work, with advances in wound man-
agement and microsurgical technique, it seems that reconstructions in the subacute
period have an improved success rate. Many studies show that the initial acute
period can be extended to 10 days [26]. This is especially important in a war setting
since it is not always possible to operate early on. It takes time to transfer patients
from the combat zone to a well-equipped trauma center. While the patients await
transfer, temporizing interventions such as negative pressure wound therapy can be
installed. This influential tool in reconstructive surgery has significantly improved
since the time of Godina and has aided in the care of traumatic wounds [27]. If the
setting allows, early emergent free flaps can also be an option. This approach will
decrease hospital stay, the future need for revision surgeries, and most importantly
shortens the period of immobilization [28].

All of these studies were done on adults. The data can be extrapolated to the
pediatric age group. The rate of flap loss and flap-related complications in pediatric
patients was also lower if the reconstruction was performed within the first 7 days
of injury [29]. The basic principle is the same. It is universally accepted that aggres-
sive early debridement, external fixation, early soft tissue coverage with well-
vascularized tissue then delayed bone reconstruction are the gold standard. Selecting
the proper time for coverage depends on interdependent local and general factors.
Surgeon experience and surgical team preparation also play a role.

Delaying reconstruction in the lower extremity is tolerated much better than in
the upper extremities. In the upper extremity, prolonged immobilization will prob-
ably result in joint stiffness and tendon adhesions. This is why earlier reconstruction
is recommended in upper extremity reconstruction [30]. In any case of delay, exten-
sive physical therapy and mobilization should be done to maintain joint motion.

12.4 Choice of Flap
12.4.1 Myocutaneous Flaps

Myocutaneous flaps are ideal when you are reconstructing a large three-dimensional
defect. Muscle is able to provide bulk to obliterate dead space. It is also extremely
well vascularized and is indicated in heavily contaminated wounds where they pro-
vide better antibiotic delivery and better control of bacterial inoculation [31].

The most commonly used free muscle flap in children is the latissimus dorsi
(LD) [32]. The LD is a reliable muscle with a reliable blood supply and little ana-
tomic variation. The thoracodorsal artery is of good caliber even in smaller children.
The pedicle is also long providing some flexibility in surgery and most importantly
allowing the anastomosis to be performed outside the zone of injury without the
need for vein grafts [33].

An important thing to be taken into consideration is donor site morbidity. Even
though many report no donor site morbidity with the LD, others opt for partial
muscle harvesting. Complete removal of the latissimus dorsi muscle may impact
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chest and shoulder development causing shoulder imbalance. This is why partial
preservation of the muscle might be somewhat beneficial [34].

The second most commonly used muscle flap in pediatrics is the rectus abdomi-
nus muscle. Again, reasons for its use include consistent and familiar anatomy. The
downside is donor site morbidity [35].

The musculocutaneous anterolateral thigh flap, including the vastus lateralis
muscle, is also a workhorse flap. The main advantage is easy harvesting and low
donor site morbidity. Harvesting can be done in the supine position, limiting the
need for repositioning and subsequently operative time. It has a long pedicle with
large-sized vessels [36]. Most importantly it can be used as a flow-through flap,
which can be useful in cases of ischemic limbs with significant soft tissue loss. The
flap can be used to re-establish distal flow and provide coverage at the same
time [37].

12.4.2 Fasciocutaneous Flaps

As microsurgical practice is progressing, there has been a shift from concerns about
flap survival to concerns about donor site morbidity. When the conditions allow, the
use of fasciocutaneous flaps and perforator flaps is advocated. Fasciocutaneous
flaps are used for coverage of superficial wounds where no bulk is needed. They are
also useful in contour resurfacing. They can be tailored to the defect size. Most
importantly they provide an excellent surface for gliding tendons and joints. This is
especially important when staged reconstruction is planned; they are easily reele-
vated to allow tendon transfers and bone grafting [38]. In children, the most com-
monly used fasciocutaneous flaps were the radial forearm, the groin flap, and the
scapular and parascapular flaps [32].

In pediatric patients, fasciocutaneous flaps are associated with a higher rate of
debulking surgeries, especially when used to reconstruct foot and ankle defects
[17]. Ultimately the reconstructive surgeon must be capable of performing both
musculocutaneous and fasciocutaneous flaps depending on the indication.

12.4.3 Perforator Flaps

Microsurgical procedures in children are difficult as is without including the tedious
perforator dissection. Many surgeons shy away from perforator flaps in pediatrics.
Recent studies show that perforator dissection does not add substantially to the dif-
ficulty of the case or duration. Therefore, if one takes into account the decreased
donor site morbidity perforator flap becomes a reasonable option [39]. Therefore,
the question is no longer whether or not microsurgical procedures can be performed
in children, but rather which donor site is the least morbid yet is still able to fulfill
the needs of the wound and the patient [40].

Perforator flaps have plenty of advantages including having a sizable source
vessel (Fig. 12.3). Proper dissection also provides long pedicle length allowing the
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Fig.12.3 Fasciocutaneous
ALT flap based on one
perforator

anastomosis to be performed outside of the zone of injury. As in adults, these are
very reliable flaps that are often the primary choice in soft tissue reconstruction.
The anterolateral thigh flap, the thoracodorsal artery perforator flap, and the deep
inferior epigastric artery perforator flap were among the most commonly used
flaps [32].

12.4.4 Bone Flaps and Physeal Transfer

In a war zone, the main initial concern is wound coverage rather than bony recon-
struction. Management of bone loss in mangled extremities continues to challenge
the reconstructive surgeon. Different practices have been described to manage these
severe open fractures. Most commonly, early aggressive debridement, skeletal sta-
bilization with an external fixator, and early wound coverage with a flap followed by
staged bony reconstruction is performed [8]. Another less popular alternative is a
single-staged reconstruction. This has the advantage of a single surgery proving
structural stability and promoting a faster bony union. Because the procedure is
done early, vessel scaring and inflammation is prevented. With better quality vessels
the microanastomosis should become easier [41].

The ideal bone should be vascularized providing osteoinductive, osteoconductive,
and osteoprogenitor elements. The vascularized fibula is the most commonly used
bone. It can be used to reconstruct long bones and head and neck defects. The resorp-
tion rate is relatively low, it provides good strength and should resist infection [42].

Special consideration in pediatric patients is growth. In case of any injury to the
growth plate lack of symmetric growth will lead to limb length discrepancy and
progressive functional impairment. Vascularized physeal and epiphyseal transfer is
possible and allows the potential for future longitudinal growth [43].

The need for flap debulking in general has decreased with the use of thin perfora-
tor flaps. Nevertheless, in areas where the native skin is thin such as the hand, foot,
anterior leg, and the head and neck area flap debulking becomes essential. The two
most common methods for that is direct excision and liposuction, both of which if
performed properly and at the correct timing, could be safe procedures [44].
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12.5 Radiographic Evaluation

With the extraordinary advances in the field of radiographic imaging, it has
become part of the routine practice to obtain preoperative imaging assessment in
reconstructive microsurgical cases. Particularly, computed tomography angiogra-
phy (CTA) has been increasingly employed. Magnetic resonance angiography
(MRA) is also another option, with less exposure to both intravenous contrast and
radiation [45]. Other sound options are ultrasound and the handheld doppler [46].
In a conflict zone where resources are limited these two options may come
in handy.

Generally speaking, preoperative imaging will help map perforators and subse-
quently shorten operative time and increase the efficacy of flap harvest. Specifically,
for high-energy trauma patients, imaging becomes essential to assess not only per-
forators but recipient’s vessels. Screening for arterial injury and aneurysmal pathol-
ogies is essential [47].

12.6 Vessel Size and Vasospasm

Surgeons were initially hesitant to perform free flaps on pediatric patients due to the
minute vessel diameter and vessel spasticity. Initially, Gilbert suggested that the
minimum diameter to perform a safe microanastomosis was 0.7 mm, stating that
smaller vessels will create a technical limitation [48]. With skill improvement and
the development of ultradelicate microinstruments, supermicrosurgery is being
done on vessel sizes between 0.3 and 0.8 mm [49]. This means that surgical tech-
nique is not as challenging as it once was. The initial concerns of feasibility fade
away. Another important thing is that the relative size of the pedicle vessels com-
pared to the size of the body is larger in children than in adults [39]. This is why
body mass index should be considered rather than just chronologic age [35]. Perhaps
it is not only the vessel diameter that matters. Pediatric patients inherently have
thinner vessel walls making anastomosis more demanding [50].

The true issue with pediatric microvasculature is spasms. Vasospasm is vasocon-
striction of the vasculature that can be encountered anytime during the microanas-
tomosis, which is resistant to mechanical dilatation and causes a significant reduction
of blood flow [51]. Pediatric vessels are more prone to spasms and so vessel dissec-
tion should be kept as minimal as possible to avoid any vessel trauma [52]. Others
suggested harvesting a cuff of muscle with the perforator during perforator dissec-
tion to minimize vasospasm [17].

It is also reasonable to use local vasodilators such as papaverine and lido-
caine. It is really important to control body temperature and pain post-op to help
decrease vasospasm [53]. An upside to pediatric vasculature is that since pediat-
ric patients do not suffer from atherosclerosis, peripheral vascular disease, hyper-
tension, diabetes, and smoking, their vessels are pristine and ideal for free tissue
transfer [54].

The problem with traumatic war injuries is that often the vasculature is damaged
because of the high-energy trauma. This is why it is recommended to perform the
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anastomosis outside of the zone of injury. There is an inflammatory response in the
surrounding soft tissue beyond the margins of the wound that result in perivascular
changes in the blood vessels. There is clear-cut margin for the zone of injury at it is
difficult to define but it is generally recommended to do an extensive proximal dis-
section [55]. A tool that might help assess the quality of the vessels is a visual
assessment of pulsatile flow [56]. If the pedicle is not long enough, vein grafts may
be needed to help stay outside to zone of injury.

12.7 Anesthesia Time

Without question, microsurgical procedures have a long operative time. The time
does differ substantially from adults. Because of the heterogeneity of the cases, it is
difficult to give an average operative time. Simple fasciocutaneous flaps will take
less time than cases that require bony reconstruction [54].

Children can tolerate anesthesia as well as adults. Even though some reports
show that increased anesthesia time in pediatrics might have an effect on develop-
mental and behavioral disorders, no conclusion could be drawn about causality [57].
Laryngospasm and airway complications are also something to consider in pediatric
patients undergoing prolonged general anesthesia [58].

In the combat zone, where resources are limited, the use of regional anesthesia
can be cost-effective. Regional anesthesia is safe and offers the benefit of intra- and
postoperative pain control. Specifically, in cases of free tissue transfer, with regional
block, there is an increase in circulatory blood flow, maintenance of normal body
temperature, and a decrease in the systemic stress response [59]. All these factors
improve inflow to the flap and could help decrease vasospasm.

A combination of general and regional anesthesia can be done. When the effect
of general anesthesia is over and systemic neurogenous stimuli increase in the early
postoperative period, it is wise to have regional anesthesia control to decrease pain
and vasospasm [60].

12.8 Flap Outcomes

Reports about flap success rates in children in the literature range between 62 and
100%. The most common cause of flap failure is venous and arterial thrombosis,
followed by kinking of the pedicle and vasospasm. Overall flap failure rate averages
at 5.01% [61]. This is slightly higher than failure rates in adults which average at
3%. In cases of reexploration, flap salvage occurs on average in two out of three
cases explored, which is comparable to the adult population [50].

Without a doubt, microsurgical tissue transfer after blast injury has higher com-
plications than straightforward flaps for all of the above-mentioned reasons.
Controlling a number of factors can help improve flap outcomes. The pearls of a
successful reconstruction are early aggressive debridement and staying away from
the zone of injury. In general, the surgeon must be comfortable with performing



12 The Role of Microsurgery in Pediatric War Injuries 167

flaps in trauma patients. Properly selecting a flap that the surgeons are comfortable
with is also crucial.

12.9 Postoperative Anticoagulation

The routine use of anticoagulation postoperatively is controversial. Although over
the past 30 years microsurgeons have been using anticoagulation the protocols vary
widely. Even though numerous studies have attempted to come up with a protocol,
no singular method has been proven to be effective [62]. The use of intraoperative
heparin irrigation seems to have a positive effect on the flap with minimal risk to the
patient. By consensus, thrombolytics are used in case flow is not immediately rees-
tablished or in case of a difficult anastomosis where revision was needed.
Postoperative treatment with aspirin or heparin remains to be controversial [63].
Some authors advocate the use of systemic prophylactic heparin, stating that it
might have a role in decreasing postoperative thrombosis [64].

With the current data, an evidence-based decision cannot be made. It remains
that surgical technique is the main factor that will affect the outcome. The use of
anticoagulation to complement the anastomosis is a matter of personal choice and
experience.

12.10 Complications

When considering at the success rate of free tissue transfer, it is not only flap sur-
vival that matters. It is important to look at the complications and assess the quality
of life improvement. Complications in general can be divided into early and late in
terms of timing. Another way to look at things is minor and major complications
with respect to the overall outcome. In general, trauma patients have a higher rate
of complications as compared to post-oncologic and congenital reconstruc-
tions [54].

12.10.1 Early Complications

Other than flap failure, early complications include partial flap loss, tip necrosis,
hematomas, infection, and osteomyelitis. Partial flap loss and wound breakdown are
often treated with debridement and local wound care. Wound infection is a common
complication in this category of war trauma patients [65]. Whether soft tissue infec-
tion or osteomyelitis, early debridement, and coverage are critical for prevention. In
case infection develops post-op, the initial treatment is aggressive antibiotic therapy
[66]. Soft tissue reconstruction has a crucial role in the healing of the severely
injured lower extremity. Even though initially it was thought that muscle flaps are
more vascularized and so a wiser option for fighting infection, more recently it was
shown that fasciocutaneous flaps have a similar efficacy [67].
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12.10.2 Late Complications

Chronic osteomyelitis with sinus tract formation, bulky flaps, pressure ulcers,
hypertrophic scarring, and limb length discrepancy are all late complications of free
tissue transfer. In general flaps to the foot have a higher complication due to the
inherent anatomic location [61]. The location of the foot puts it at increased pressure
from both ambulation and weight bearing and from footwear, making it more prone
to developing pressure ulcers [52].

Chronic osteomyelitis is a complex entity to treat. It happens to be common in
post-traumatic injuries with reported rates between 4 and 64%. Even though a
single-staged procedure is ideal, frequently multiple debridements, local and sys-
temic antibiotic therapy, and dead space obliteration with vascularized tissue are the
standard [68].

The need for flap debulking, in general, has decreased with the use of thin perfo-
rator flaps. Nevertheless, in areas where the native skin is thin such as the hand, foot,
anterior leg, and the head and neck area flap debulking becomes essential. The two
major methods for that are direct excision or liposuction, both of which if performed
properly and at the correct timing, could be safe procedures [44].

Overall, late complications can be avoided with careful preoperative planning
and attention to detail.

12.11 Special Consideration: Below the Age of 2 Years

Younger children below 2 years of age pose a special challenge. The decision to
proceed to free tissue transfer in this population weighs heavily on both parents and
surgeons. It is important before embarking on these procedures to speak to the par-
ents and allow them to be part of the decision-making process because any failure
of the flap will leave the child with a donor site defect that will be present for the
rest of their lives.

There is a paucity of reports about free tissue transfer in children below the age
of 2 years. In one series, it was reported that the vessels of these younger children
are not more delicate than those of older children. The success rate was reported at
98% putting surgeons more at ease for performing these procedures [69]. Again,
flap survival depends mostly on surgeon technique and skills rather than ves-
sel size.
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13.1 Introduction
13.1.1 Background

The battles of contemporary warfare have shifted tellingly from the classical battle-
field to civilian areas, injuring more civilians [1, 2], which encompass around
35%—-60% of all war casualties [3]. Approximately one in six children worldwide
live in conflict zones [4]. These children are frequently exposed to high-order explo-
sives including landmines and unexploded ordinance, shelling, and aerial bombard-
ments or acts inflicted by non-state factors such as improvised explosive devices
and suicide bombing [5]. In addition to the differences in anatomy and physiology
inherent to the pediatric population, understanding the prevalence, nature, and
sequence of events leading to these injuries is key to successful management.

13.1.2 Epidemiology

To date, literature about injury characteristics, including type and mechanism is lim-
ited in the pediatric population [5]. Although war brings firearms and penetrating
wounds to the mind, studies have shown that the most common mechanism of injury
is blunt trauma. However, the distribution of injury differs among the adult popula-
tion. Head injury is more common in children, whereas abdominal and extremity
injury rates were higher in adults. A study done by Helweg-Larsen et al. found that
firearms and explosions were the leading mechanisms of injury in young patients and
that the head was the most commonly injured area [6]. This finding might be related
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to a higher risk of tertiary blast injury in the pediatric population attributed to lower
weight and volume. A survey done by the red cross community through multiple
conflict zones demonstrated that fragment mines and burns are the most frequent
mechanism of injury in pediatric casualties compared to adults (gunshot wound).
This is attributed to the lower tendency of children to participate actively in the con-
flict as well as the higher likelihood of children being the victims of landmines [7].

13.1.3 Mechanism

With the technological advances in weapons development witnessed since world war
II, a shift has been noted in injury patterns. Thus, blast-related injuries have become
the main contributor to civilian injuries, leading to physical and psychological dis-
abilities [5]. From 1999 to 2006 this type of injury increased by eightfolds [8].

Blast injuries can be classified into primary, secondary, tertiary, and quaternary.
Primary blast injury is mainly due to the overpressure that reaches the person and
exerts its effect on the body, causing direct tissue damage affecting mainly the pul-
monary, gastrointestinal, and auditory systems with a shock-like response lasting
minutes to hours after the explosion exposure [9—12]. Secondary blast injury is cre-
ated by the debris that is physically displaced by the overpressure winds leading to
blunt and penetrating trauma [13—15]. Tertiary injury is derived from the physical
displacement of a person from the peak overpressure leading to fractures, contu-
sions, and head trauma [16]. Quaternary blast injuries termed miscellaneous include
burns, toxic substances, asphyxiation, and psychological trauma [13, 17, 18].
Extremity and musculoskeletal injuries can be caused by primary, secondary, and
tertiary forces, with children being particularly vulnerable to tertiary forces due to
their lower body weight.

With modern warfare and the advancement of destructive weapons, gunshots
have become less frequent contributors to injuries in the civilian population.
Nevertheless, firearms still play a role in the clinical picture of emergency cases that
present with orthopedic penetrating injuries [19-21]. Primary weapons of war are
divided into explosive munitions like artillery, grenades, and small arms like pistols
and machine guns [22]. The latter causes projectile injuries that create either perma-
nent or temporary cavities. The permanent injury creates a localized area of necrosis
symmetrical to the size of the projectile it passes. Whereas a temporary cavity cre-
ates a lateral displacement of tissue that might push the elastic tissue which can
rebound and, fracture the inelastic tissue like bones.

13.2 Special Considerations in the Pediatric Population

Multiple aspects set aside the child from the adults when it comes to decision-
making. Both physiologic and social differences should be taken into account when
managing pediatric injuries. These include but are not limited to the active growth
plate, the potential for remodeling, and caregiver influence.
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13.2.1 Caregiver Influence

Children with severe trauma are commonly surgically treated with unnecessary
aggressiveness. This goes back partially to the circumstances of the injury which are
frequently emotive and associated with an emotional response from his/her surround-
ing support system [23]. However, the mortality rate has been shown to be higher in
children with blast injuries compared to adults. Thus, a balance between a high index
of suspicion and adequate management should be established to optimize patient care.

13.2.2 Growth

Longitudinal limb growth occurs interstitially through specialized cartilage of the
growth plate [24]. Injury to the growth plate will result in growth arrest and subse-
quent limb length discrepancy or bone deformity. The severity of these deformities
is predicted by the location of the injury, the skeletal maturity of the patient, and the
extent of involvement of the growth plate. Identification and adequate assessment of
the aforementioned factors are primordial to establishing individualized patient care.
Growth is dominated by genetic, intrinsic, and, extrinsic factors like weight bearing
and muscle action. This dynamic regulation of growth exerted by the muscles should
be taken into account when considering amputation since the loss of the distal attach-
ment and the resulting variation in the tension of the remaining muscle fibers and forces
exerted on the preserved proximal growth plate will interfere with its growth [25].

13.2.3 Remodeling and Regeneration

Two physiologic pediatric responses allow quicker regeneration and a faster healing
process [26]: Rapid circulatory compensation of blood loss and tissue elasticity that
has greater tolerance to muscle hypoxia and necrosis. This allows faster repair of
bone defects compared to adults. Also, children’s bone has higher collagen consis-
tency with a thicker and more active periosteum. Thus, when the pediatric perios-
teum is intact, bone regeneration is steadily available even in cases of severe bone
loss and open trauma. In addition, the higher collagen content increases bone elastic-
ity allowing for plastic deformation and lowering the risk of fracture comminution.

Aside from the higher regenerative capacity of the pediatric bone, its remodeling
potential makes conservative therapy acceptable in non-anatomical fractures com-
pared to adults [27].

13.3 Management

Pediatric care in a conflict zone is often given by physicians for whom experience
in dealing with pediatric blast injuries is minimal [28]. In addition, there is a lack of
consensus as to whether evidence from the adult population can be applied to
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pediatric cohorts [29]. Directly applying adult trauma principles to the pediatric
population might neglect social, anatomical, physiological, and psychological dif-
ferences between adults and children affecting the outcome of these interven-
tions [30].

13.3.1 Closed Fractures

The management of closed fractures in the war-injured child follows the same prin-
ciples used for closed fractures in the general pediatric population. However, in
view of the low socioeconomic status of most combat zones, treatment modalities
might be scarce. One such example is the Camp Bastion military hospital estab-
lished in 2006 in Afghanistan where casting remains the go-to, a most practical
technique in the treatment of closed fractures. Traction and/or hip spicas require
special equipment namely traction frames and spica table. The latter might not be
available and as such using this treatment modality becomes more difficult. Pelvic
fractures, although rarely seen, present another challenge since they might require
stabilization using an external fixator. Stable pelvic fractures are treated conserva-
tively with bed rest, DVT prophylaxis, and, gradual weight bearing as tolerated.
Unstable fractures such as AP compression fractures with more than 2 cm diastasis,
lateral compression, and, vertical shear fractures are treated with an external fixator.
However, the only absolute indication for its use is hemodynamic instability [26].

13.3.2 Blast Injuries

Extremity injuries are one of the commonly discussed features following blast-
related trauma. Its prevalence increases following blast injury within conflict zones
[31]. An analysis study in children from Afghanistan and Iraq registries showed that
in patients with blast injuries, 19% had an extremity/bony pelvis injury if they were
younger than 7 years, 30% if they were between 8 and 14 years of age, and, 35% if
they were 15-20 years old [32, 33]. In a study from Afghanistan by Bertani et al.,
blast injuries accounted for all traumatic amputations and 96% of bony injuries to
the hand and foot [34]. Children are more prone to sustain upper limb injuries with
a substantial increase in the percentage requiring amputation, especially at the level
of the finger [35].

The rate of injury to the lower extremity due to blast injuries varies widely among
different studies, ranging from 25 to 86%, with higher rates being associated with
landmines [35]. Landmines drive debris, separating upward between planes of soft
tissue and bone resulting in a degloving injury of the leg leading to serious compli-
cations and a higher rate of infection [36, 37]. These injuries leave the patient with
a large bony defect of the lower limb which ought to be addressed by reconstruction
with limited shortening [38]. This intervention is associated with a good prognosis,
given that children have a significant capacity of the growth plate to remodel and
compensate for bone loss [26, 34]. To note is that most growth occurs at the level of
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the distal femoral and proximal tibial growth plates which might be involved in the
blast. However, up to 29% of pediatric landmine casualties end up with a transtibial
amputation which has a major long-term influence on the physical, psychosocial,
and financial burden.

Prevalence of pediatric upper extremity war injuries was eluded by a study done
by Bertani et al. He discussed 89 cases of war-related extremity injuries that were
managed in a combat support hospital in Afghanistan. He found that 3% had a soft
tissue shoulder injury, and 9% had an arm soft tissue injury and fracture. Four
patients had either elbow or forearm soft tissue injury and another four had either
elbow or forearm fracture presenting 4% of all extremity injuries. Wrist injuries
presented 2% of all extremity injuries. Hand injuries were the most common with
31%. Out of 19 patients with traumatic amputation 11 had upper extremity amputa-
tion. Most of the amputations were below the wrist.

13.3.3 Gunshot Injuries

In the pediatric population, children are victims of gunshot injuries resulting from
wars, street fights, and accidents [39-41]. Most studies on pediatric gunshot injuries
show a good prognosis with complete recovery [39, 41]. When deciding on the
course of management for pediatric patients with gunshot injuries, acknowledging
the type and velocity of the firearm is a must. Most low-velocity fractures in pediat-
ric patients can be managed by external plaster immobilization whereas high-
velocity fractures should be treated with external/internal fixators considering the
large bone defects and comminution associated with this kind of injury [39, 41].

Arslan et al. investigated the clinical manifestations of gunshot wounds in chil-
dren and their surgical management. High velocity, low velocity, and shotguns
related fractures were managed by debridement with either early or late-stage surgi-
cal fixation [42]. Most fractures were displaced and/or comminuted with some hav-
ing a large bone defect. The tibia was most commonly affected by high velocity and
shotgun injuries while the femur was the most commonly injured bone, 4 out of 22
children had physeal injury, 2 patients had a hip joint injury with no major sequelae,
and 1 elbow joint injury leading to decreased range of motion. Surgical manage-
ment varied between cases ranging from conservative treatment in patients with a
closed minimally displaced fracture to debridement and late surgical intervention
like external fixation, decortication, and fibular or autologous bone graft in patients
with infections, nonunion, and bone defects.

13.3.4 Salvage Procedures

The management of large bone defects in the pediatric population is challenging
even in the highly advanced modern healthcare setting [43]. However, initially,
same as any open wound fracture, explosive injuries resulting in complex open frac-
tures should be managed following the fundamental principles of orthopedic trauma
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surgery. Urgent debridement procedures are usually the mainstay treatment with the
removal of devitalized tissues and deep penetrating soil particles if any [44]. Then,
restoration of length, alignment, and, rotation with the least available resources
should be achieved [45]. Some of the treatment modalities include shortening fol-
lowed by distraction osteogenesis, ipsilateral partial fibula transfer, free vascular-
ized graft, and, allograft reconstruction [45, 46]. However, these surgical procedures
require specialized centers, defined medical resources, and surgical expertise. In
combat zones where the environment is austere medical resources are limited, hence
amputation remains the last resort in large bone defects. But, due to several reasons
including contralateral amputation, cultural beliefs, and patient preferences amputa-
tion is deferred.

Following multiple fingers amputation, a reconstructive option would be to
lengthen the metacarpal using iliac bone improving the residual hand mechanics. It
allows a partial restoration of thumb-to-finger grip facilitating fine motor motions.
Another upper extremity salvage procedure that can improve function in patients
with distal forearm amputation without resorting to a prosthetic implant is the
Krukenberg procedure. This technique separates the radius and the ulna from each
other, creating two movable fingers. The advantage of this technique over the pros-
thesis is the pinch movement which is basically the separation and approximation of
the two bones achieving a closure movement that enables the patient to achieve
basic hand dexterity helping in independence in activities of daily living [36].

13.3.5 Amputation

When contemplating lower extremity amputation in a pediatric patient, its effect on
future growth should be taken into account.

In the femur, 75% of growth occurs at the distal physis, making its preservation
vital at all possible costs otherwise a very short above-knee amputation will occur.
In cases of inadequate soft tissue coverage preservation of distal physis can be exe-
cuted through [36]:

1. Slightly shortening the femur at the level of the shaft and allowing soft tissue
closure.

2. Keeping the skin open and using traction to stretch the soft tissue then perform-
ing secondary wound closure.

3. In contrast to adults, a split-thickness graft can be used to provide appropriate
coverage in children and save limb length.

Moving down to the tibia, it is critical to preserve the physis of the proximal end.
Again, attempting to do the amputation more proximally for wound closure will
lead to excessively shortened residual limbs at maturity. In this case, the proper
prosthetic fitting will become challenging at skeletal maturity. Thus, attempts to
preserve the proximal tibial physis as much as possible are essential. Even a residual
limb that is too short to fit a below-knee prosthesis at the time of amputation is
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worth retaining. The child might start with an above-knee amputation fit, then
switch with time to a below-knee prosthesis as the stump grows.

These procedures are associated with a high rate of complications including
varus bowing, heterotopic ossification, and osseous overgrowth requiring operative
and prosthetic revision [47]. Overgrowth occurs particularly in patients below 12
years who undergo amputation mostly for the humerus, fibula, and, tibia [48] with
15% of them requiring revision surgery. It results from the excessive streaming of
osteoblast from the periosteum leading to bony overgrowth around the stump.
Terminal overgrowth is best addressed by performing amputations through the joint
or by crowning the end of the transcortical bone piece of epiphyseal bone and over-
lying cartilage halting spicule formation. Another potential complication of both
upper and lower extremity amputation is phantom limb syndrome which is reported
in 50% of children following blast-related amputation [49-51].

13.3.6 Rehabilitation Management

Caring for landmine victims consists of emergency and medical care, hospital care,
physical rehabilitation, and socioeconomic reintegration [52].

Physical rehabilitation involves prostheses fitting of absent limbs, assistive
devices like crutches, and wheelchairs, and the occupational and physical therapy
needed to get accommodated on the use of the above. Mine survivors with severe
sequelae may require long-life rehabilitation protocol. However, in underdeveloped
countries, appropriate management and support might become challenging [36].
Available rehabilitation centers are commonly unequally distributed between the
capital and rural areas where most of the injuries occur. Even when accessible, the
cost of these rehabilitation protocols makes them unavailable.

Prosthetic fitting of the upper extremity has amplified implications and struggles
that make its optimization harder, especially in underdeveloped countries where
most blast injuries occur. With the complexity of upper extremity/hand function and
the need for the very sophisticated and advanced prosthesis to substitute partially
the functions of native extremity, crude upper extremity prosthesis is technically
non-useful.

A multidisciplinary approach is crucial in securing adequate rehabilitation ser-
vices in patients with upper and lower extremity injuries. In addition to medical
care, refurbishment to address limb amputations should address any concomitant
sensory and/or cognitive deficits.

13.4 Conclusion

In conclusion, the management of bone injury in war-injured children remains a
challenge. This is due both to the complexity of the injury resulting from high-
energy devices as well as the scarceness of resources in such austere environments.
A multidisciplinary approach remains essential for management in order to address
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all aspects of the injury be it bony, soft tissue, psychological, or rehabilitation. In
addition, an intimate understanding of the mechanism of injury, pediatric physiol-
ogy, and, available therapeutic options are needed to allow the surgeon to decide on
the best course of action. Salvage should be attempted when possible but amputa-
tion is sometimes necessary. However, all efforts should be made to allow the patient
to be autonomous and independent.
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14.1 Introduction

Millions of children have been injured and many more will suffer in the numerous
wars and armed conflicts, which we have witnessed throughout history. Some of the
most debilitating injuries are craniofacial injuries that are challenging to treat and
often leave long-term sequelae. Children are logically more prone to devastating
injuries from armed conflicts and explosions due to their smaller bodies and closer
anatomic regions such as the head and chest to the explosion center. Pediatric cra-
niofacial trauma secondary to armed conflicts was caused mostly by blast and/or
penetrating trauma [1]. The pattern of pediatric maxillofacial trauma depends on the
size of the explosive, the distance from the child, and the child’s body mass; also the
position of the body and angle of the body with respect to blast cone will impact the
outcome.

14.2 Mechanisms of Injury

Blasts result in what is known as a shock front, which propagates rapidly in all
directions from the epicenter of the explosion. The effects of this shock front cause
body tissue devastation due to the shrapnel/fragments and ground particles that
propagate toward the body. Explosions also cause devastation by propelling the
body against walls, vehicles, and other objects, which may manifest as blunt trauma
or crush injuries [2]. Shock waves moving from a high-density to a lower-density
medium create fragmentations or spalling at the interface of two different media.
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Facial soft tissue directly in line with the front wave will experience sudden loading
and when the tension exceeds the tensile strength of soft tissue, collagen fibers, and
bones these will fracture and shatter. These will result in ragged facial skin, wide-
spread contusions, and multiple puncture wounds [3].

14.3 Comparative and Developmental Anatomy
in the Pediatric Patient

An appreciation of facial development is imperative in understanding the differ-
ences between adult and pediatric injuries and having a better understanding of
therapeutic and reconstructive approaches. Several differences between adult and
pediatric maxillofacial injuries make facial fractures more common in the adult
population. First, children’s bones are less calcified than adults, which make “green-
stick” flexing of the bone more common than a fracture upon subjection to a force.
Second, pneumatized sinuses are not developed in the pediatric age group until
adolescence. The pneumatized sinuses would act as a cushion in adults and hence
protects the brain whereas in children any impact force would be transmitted to the
brain leading to a traumatic brain injury rather than fractures in the facial skeleton
[4]. Third, the cranial to facial volume decreases with age, which explains why
adults exhibit more facial injuries than intracranial injuries [5]. Fourth, children
have more fat pads than adults, especially around the mandible and the maxilla that
allow cushioning against external forces and reduce the rate of fractures. Moreover,
the retruded position of the face in children less than 5 years of age protects against
midfacial and mandibular fractures [6]. Another factor that is unique to the pediatric
population is incomplete dentition, which increases the stability of the mandible
and is protective against fractures. All these unique features in pediatric patients act
to protect from significant bony and soft tissue injuries, nevertheless; potential
growth disturbances must be considered when planning treatment. On the other
hand, due to the unpredictability of conflict-related injuries, planning treatment for
such maxillofacial defects could be challenging.

14.4 Injury Site

For children below the age of 2 years, the most common maxillofacial injury is to
the frontal region. The most commonly injured bone is the frontal bone, especially
when pneumatization occurs later on during puberty. However, it is important to
keep in mind that frontal bone injuries are frequently associated with other intracra-
nial injuries. Moreover, as in adults, the nasal bones are the least resistant to the
facial skeleton.

Mandibular fractures on the other hand are the fractures that most commonly
require hospitalization. The condylar region is the most frequently fractured seg-
ment and due to its high vascularity in pediatric patients, most of these fractures are
intracapsular rather than extracapsular.
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In the midface, other than the nasal bone and maxilla, zygomatic fractures are
also common. Le Fort fractures are rarely seen in children below the age of 2 years
and as the child grows and the eruption of permanent teeth takes place along with
the expansion of the maxillary sinuses the incidence of midfacial fractures also
increase.

Most orbital injuries occur as a result of force transmission directly from the
orbital rim to the thin orbital walls indirectly through the hydraulic pressure effect.
Another theory that describes orbital fracture is the bone conduction theory the
energy absorbed by the orbital rim results in buckling of the floor at the thinnest
point. As seen previously, sinus development also plays a role in injury type and
location as the child grows. Orbital roof fractures are more common prior to maxil-
lary sinus development and as the sinus grows beyond the equator of the globe,
orbital floor fractures become more common.

14.5 Emergency Management

As in any type of trauma, pediatric maxillofacial trauma requires strict adherence to
the basic principles of trauma management. The primary survey should clear the
child’s airway, breathing, and circulation.

Depending on the type of injury, several airway interventions are available.
When an injury is only isolated to the face, adequate positioning of the head is usu-
ally sufficient to maintain the airway, along with suctioning any blood and removing
any intraoral debris. Orotracheal intubation becomes a necessity if there’s concomi-
tant bleeding associated with midfacial fractures, intracranial injuries, orotracheal
obstruction, or posterior protrusion of the mandible.

An extensively injured and fractured face in a child could result in significant
blood loss causing hypovolemic shock. Hence, volume expansion with crystalloid
solution is necessary via two peripheral large bore IVs and eventually, a blood trans-
fusion may be required. Secondary surveys of maxillofacial injuries should proceed
in an orderly fashion, with neurological assessment done first including evaluation
of the eyes, otoscopy, rhinoscopy as well as cranial nerve testing.

14.6 Physical Examination

The examination should begin with inspection and followed by palpation. Signs to
look out for are facial asymmetry, ecchymosis, trismus, malocclusion, and peri-
orbital swelling. Palpation of the orbital margins may reveal step-offs, which indi-
cate a point of fracture. Enophthalmos or inferior displacement of the globe usually
indicates orbital floor fracture. The bimanual examination goes over all the bony
prominences of the face to reveal any crepitus, step-offs, or tenderness. The stability
of the maxilla is assessed by placing one hand on the cranium and the other hand on
the premaxilla while testing for mobility. Intra-orally, the palate should be examined
to rule out any lacerations or fractures while also paying close attention to the
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gingiva for any bruising and ecchymosis. The mandibular examination proceeds
from the temporomandibular joint and progresses until reaching the symphysis.
Moreover, any injury to the nasal complex should include an endonasal examination
to rule out a septal hematoma.

14.7 Imaging Evaluation

Computed tomography (CT) is the gold standard for viewing craniofacial fractures.
An axial CT is indicated for orbital and maxillary fractures to assess changes in
facial width and orbital volume. Coronal cuts are useful for complex nasoethmoid
fractures and orbital fractures. Moreover, reformatting images into 3D reconstruc-
tion and important perspectives for preoperative planning.

Although mandibular fractures can be assessed via a CT, panoramic radiographs
are more useful as it displays the anatomy of the condyles as well as the upper and
lower teeth; however, this might not be too feasible in an injured child as they are
rarely cooperative in such situations.

14.8 Pediatric Facial Fracture Management

Principles of pediatric facial fractures differ from the management of fractures in
adults and these should be adhered to. In pediatrics, a more conservative approach
is usually advocated. Large and bulky fixations are not recommended as they might
interfere with tooth development. In case fixation was absolutely needed 1.5 or 2.0
millimeters plates and monocortical screws are used. Removing of fixation is not
usually recommended in children unless these become symptomatic.

14.8.1 Frontal Bone Injury

All non-displaced frontal bone fractures do not require any surgical intervention.
On the other hand, displaced fractures and fractures with nasofrontal duct injuries
should be explored and reduced. Moreover, cerebrospinal fluid leak is also common
after frontal bone fracture occurring in around 18%—-36% of the cases.

The goals of frontal fracture repair include protection of the neurocapsule, man-
agement of CSF leaks, prevention of infection, and esthetic craniofacial contours.
The best surgical access to the frontal bone is via a coronal approach and fixation is
usually achieved with microplate fixation. Any subdural hematomas should be evac-
uated and dural lacerations repaired. Traumatic disruption of the frontal sinus usu-
ally prompts sinus destruction with mucosal ablation and nasofrontal duct
obliteration to ensure complete separation of the nose from the intracranial cavity,
this is done by using vascularized tissue such as a pericranial flap. In patients older
than 5 years of age any involvement of the posterior table of the frontal sinus man-
dates a multidisciplinary approach from the maxillofacial and neurosurgeons.
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14.8.2 Orbital Fractures

Pediatric orbital fractures are distinct from adult fractures. Supraorbital fractures
are classified as skull base fractures because they include the frontal bones prior to
sinus pneumatization. The neurocranium in children is relatively larger than in
adults, which increases the susceptibility to neurological injuries as a result of
orbital fractures. It is critical to examine the extraocular muscle movement to rule
out any underlying entrapment. Symptoms of entrapment include nausea, vomiting,
diplopia, and an oculocardiac reflex. Forced duction testing performed under anes-
thesia is useful to distinguish between diplopia of entrapment and pseudoentrap-
ment from a nerve injury due to swelling. Meanwhile, superior orbital fissure
syndrome should be treated as an emergency; this includes internal and external
ophthalmoplegia, proptosis, and CN VI paresthesia.

In the absence of any entrapment or acute globe malposition, management is
often conservative. Moreover, the goals of orbital fracture treatment are the restora-
tion of globe position, correction of diplopia, and release of entrapment. Several
surgical approaches are described when the need for open reduction internal fixa-
tion (ORIF) arises. Most commonly the transconjunctival approach is used, as it is
associated with the least risk of ectropion. Subciliary or midlid incisions with lateral
extensions could afford more exposure without the need for lateral cantholysis,
which would otherwise be used in transconjunctival approach. Any herniated tissue
in the sinuses should be reduced and debris from the fractures cleaned and irrigated.
Finally, fixation is done after identifying stable bony edges for anchoring either with
bone grafts or plates. Commonly used bone grafts include split calvarial bone grafts,
rib grafts, and iliac bone grafts.

14.8.3 Nasal and Nasoethmoid Fractures

Isolated nasal injuries as a result of war are very rare and due to the high energy
trauma usually from blasts and weapons, complex naso-orbital ethmoidal (NOE) is
more often seen. Patterns of these fractures differ considerably from adults this is
mainly due to proportional differences in midface to neurocranium and lack of
pneumatization of the frontal sinus. In the pediatric population, these fractures are
characterized by posterior and lateral displacement of nasal bones and medial
orbital walls, including the ethmoid. Any injury to the medial orbital wall could lead
to traumatic telecanthus due to the disruption of the medial canthus; however, this
might become apparent 10 days after the injury when the edema subsides.

Although less common in combat injuries, non-displaced nasal fractures can
be managed with an external splint. It is important to remember that the septum is
important for midfacial growth in the developing child; therefore any definitive
open management for displaced facial fractures is postponed until skeletal matu-
rity unless the fractures are so severe that the airway is significantly compro-
mised. Nevertheless, such fractures do need closed reduction under general
anesthesia.
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Pediatric NOE fractures with traumatic telecanthus require restoration of the
intercanthal distance. Reducing the medial orbital rims and reattachment of the
medial canthal tendons with transnasal wires reduces the intercanthal distance. It is
important to attach the transnasal wires superiorly and posteriorly to the lacrimal
crest. Occasionally, the anterior skull base is also involved in these fractures and a
subcranial approach could be used just like in adults.

14.8.4 Midface and Zygomticomaxillary Complex Fractures

Zygomaticomaxillary complex (ZMC) fractures refer to the dislocation of the malar
eminence from the temporal bone, frontal bone, and maxilla. As mentioned previ-
ously these fractures are rare in children especially the classic Le Fort types of
fractures. This is due to the underdeveloped sinus system, undeveloped buttress
system, and unerupted tooth buds. ZMC fractures usually present with malar flat-
tening, enophthalmos, and lateral canthal dystopia.

The goals of treating midfacial fractures are obtaining stable bony fixation to
allow proper healing and eventual undisturbed growth. They may require closed
reduction or ORIF with mandibulomaxillary fixation (MMF). The duration of fixa-
tion to allow bone healing is usually less than in adults but special care must be
taken to avoid disruption of the erupting tooth buds. For ZMC fractures, it is impor-
tant to correct malocclusion if present and restoration of the malar contour and
prominence. The surgical approach for these fractures involves either a brow inci-
sion or an upper lid blepharoplasty incision and usually, a 3-point fixation is
required for zygomaticofrontal suture, inferior orbital rim, and zygomaticomaxil-
lary buttress.

14.8.5 Mandible

Traumatic mandibular fractures usually present with a risk of airway compromise.
Therefore, the first step is to secure the airway with endotracheal intubation or even
a surgical airway if needed. Ecchymosis, intraoral lacerations, mucosal bruising,
and edema may represent underlying mandibular fractures. Paresthesia over the
area innervated by the inferior alveolar nerve may occur in displaced fractures.
Drooling and trismus are also alarming signs. Trismus in children can present with
malocclusion without bony displacement. Palpation of the temporomandibular joint
(TM]J) at the external auditory canal during jaw movement may demonstrate crepi-
tation and or a displaced mandibular head.

Treatment goals include achieving normal occlusion and bony union without
disruption of facial growth. Nevertheless, in a developing mandible, minor occlusal
discrepancies are allowed and are corrected in the future by orthodontics.
Conservative management is also indicated with minimally displaced mandibular
fractures usually with jaw rest and immobilization with a compressive jaw wrap or
cervical collar as well as a liquid diet. Dentoalveolar fractures can be managed with
occlusive splinting, arch bars, and/or bonded wires. MMF fixation in children is
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challenging, especially during primary and mixed dentition but can be safely
performed.

Mandibular condyles are growth centers and are very sensitive to blood flow
disruptions from fractures. Intracapsular fractures, high condylar neck fractures,
and coronoid fractures should be managed conservatively to avoid such blood flow
disruptions. Moreover, early range-of-motion exercises should be commenced early
on after injury, usually within 5 days. Blast or bullet injuries usually contaminate
the TMJ with foreign material hence an open approach is advocated in these cases
usually through the preexisting lacerations.

Body and angle fractures are managed through the standard anterior sulcus inci-
sion while taking care to leave a small cuff of mentalis muscle attached to the upper
edge to prevent the witch’s chin deformity.

14.9 Soft Tissue Injuries

In the growing face, it is important to minimize scar tissue as this places constraints
on proper growth. In general, soft tissue defects in children are repaired primarily
without using rotational flaps initially. This is especially accurate in combat areas
during mass casualty cases and primary care centers with inadequate personnel and
equipment. These defects should be revisited after allowing healing and full scar
maturation, taking into account the exquisite healing capabilities of the pediatric
population. Specialized structures such as the facial nerve, lacrimal ducts, and sali-
vary ducts may require microsurgical reconstruction.

14.10 Complications

In general, postoperative complications following facial fracture repair are uncom-
mon in children. This is due to the higher osteogenic potential, faster healing
response, and less frequent need for open reduction and rigid fixation. Nevertheless,
due to the highly contaminating nature of combat injuries, infections, and mal-
union rates become similar to that in adults. Long-term complications such as
growth disturbance are unique to that population.

Malocclusion is always a risk when treating maxillary and mandibular fractures.
Also, any malposition of facial skeletal bones during the repair could result in facial
deformities. Such as malpositioning of medial canthal tendons will result in an
unsightly telecanthus that will be evident weeks after surgical repair.

14.11 Long-Term Follow-Up

Long-term follow-up is recommended in children until they reach skeletal maturity
since skeletal growth could be affected. Moreover, psychological counseling is usu-
ally required for patients and families sustaining these injuries because of the initial
trauma and the disfiguring nature of these injuries.
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15.1 Introduction

Despite violating international laws and norms, children continue today to bear the
brunt of war and armed conflicts. The United Nations designated 2018 as the most
violent year for children in terms of the record-high number of killings and maiming
since the establishment of a mechanism on surveilling and reporting war-related
violations against children in 2005 [1]. The UN Security Council also recognizes
the killing and maiming of children during conflict as one of six grave violations
[2]. With no sign of violence calming down and the continued presence of armed
conflicts throughout the different quarters of the world, this brings to the forefront
the need to address the impact of armed conflict on children’s health and how per-
manent disability resulting from such conflicts, namely amputations, could be tar-
geted. This is especially important considering the paucity of epidemiological data
on pediatric healthcare in combat zones.
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15.2 Epidemiology

Limbs are frequently the most common site of combat injury in pediatric patients
across different conflict zones. This can be attributed to the direct morbidity of war
on children resulting from bombs, missiles, burns, and bullet injuries that could be
experienced either through the recruitment of children into combat or through the
targeting of schools, hospitals, and civilian populations [3].

For example, children accounted for 28% of all civilian casualties in Afghanistan
in 2018, with 2135 cases of maiming reported as a result of improvised explosive
devices (IEDs) and aerial operations. In fact, IEDs accounted for around 4 in every
5 pediatric extremity injuries in Afghanistan, with a reported one-fifth of pediatric
war-related extremity injuries requiring treatment by amputation [4]. In the Gaza
Strip, one out of every 5 patients who required a war-related traumatic extremity
amputation in 2018 was a child [5]. In Iraq, 84 children were maimed as a result of
explosive remnants left behind by ISIS. In Syria, there were 784 cases of limb dis-
ability reported in 2018, where 70% of attacks on schools and hospitals were the
result of air strikes, shelling, and IEDs [1], and 38% of children experienced trau-
matic limb injuries [6]. The list of countries with armed conflicts where children
bear the brunt of war goes on and on and also includes Somalia, South Sudan,
Yemen, Pakistan, and many others.

15.3 History

With advancements in healthcare, this means that fewer people die as a result of war
injuries, whereas more and more survive and have to live with these injuries. Of
course, with severe limb injuries comes the dilemma of whether to amputate primar-
ily or attempt to salvage the damaged limb and with amputations comes the need for
prostheses to enable children to maintain mechanics of movement that are as close
to normal as possible.

While the most rudimentary prostheses from the first World War took the form
of a split tree trunk attached to the limb by means of a leather strap, there have
so far been monumental advancements in the designs of these prostheses. They
trace their roots back to their mass production at a time when amputations were
carried out as a necessity in the pre-antibiotic era as a result of gangrene and
infections [7]. Later came prostheses with hinged designs that would mimic
joints and others equipped with suspension systems, thereby better-suiting indi-
viduals with amputations occurring proximal to joints such as above-knee ampu-
tations and allowing for better shock absorption [8]. More advanced and
lighter-weight materials such as aluminum and carbon fiber also replaced wood
to allow for greater versatility and ease of use. Then in 1960 came the birth of
myoelectric prostheses, ushered in by Alexander Kobrinski, allowing the ampu-
tee to stimulate the movement of the prosthetic [9], and 2004 saw the idea of a
revolutionary surgical technique to reroute spare nerves from the amputated part
to specific muscle groups, dubbed “targeted motor reinnervation [10].” However,
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a major rate-limiting factor for prostheses continues to be their financial cost
despite all these advancements [11].

15.4 Primary Amputation Versus Limb Salvage
15.4.1 Objective Scoring Systems

A number of scoring systems have been devised to eliminate the subjectivity of the
decision of whether to amputate or salvage the limb and to help guide decision-
making based on objective criteria. The most commonly used and best-studied sys-
tem is the Mangled Extremity Severity Score (MESS), where a score of 7 and above
can be used as an indication to go for early amputation (Table 15.1). However, there
is no consensus in the literature on the reliability of each of these systems to predict
functional outcomes and the need for secondary amputation in cases where salvage
fails [12]. With regard to the pediatric age group, the controversy surrounding these
scores is also present, with some authors believing they are more sensitive in chil-
dren compared to adults and others advocating against their use [13] [14] [15]. What
is certain is that data on their use in the pediatric age group is limited, and surgeons
should be cautious about being too overzealous in relying on these scores in general
and in children in particular. Failed efforts to salvage a limb would lead to the need
for secondary amputation with its resulting physical, psychological, social, and
financial impacts on the child and their families [16].

15.4.2 Functional Outcomes

To assess the differences in functional outcomes between patients with mangled
extremities undergoing primary amputation versus limb salvage, a large multicenter

Table 15.1 Variables considered in the different scoring systems for primary amputation vs.
limb salvage

MESS LSI PSI NISSSA

Age X X
Shock X X
Warm ischemia time X X X X
Bone injury X X

Muscle injury X X

Skin injury X

Nerve injury X X
Deep vein injury X

Skeletal/soft tissue injury X X
Contamination X
Time to treatment X

Comorbid conditions

MESS Mangled Extremity Severity Score, LS/ Limb Salvage Index, PSI Predictive Salvage Index,
NISSSA Nerve injury, Ischemia, Soft-tissue injury, Skeletal injury, Shock, and Age of patient [12].
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prospective observational study dubbed the Lower Extremity Assessment Project
(LEAP) was carried out. While targeted toward trauma in the civilian rather than the
military setting, this study followed patients with trauma-related lower extremity
injuries who were treated with either primary amputation or limb salvage and
assessed their functional outcomes at 2 and 7 years post-operatively [17]. It con-
cluded that there was actually no difference between the two groups, albeit both
experienced substandard physical and psychosocial outcomes. However, it showed
that outcomes and quality of life are influenced by the patient’s pre-existing eco-
nomic, social, and personal factors, regardless of the initial treatment [18].

While functional outcomes related to the treatment of severe upper extremity
injuries have not been as thoroughly addressed as their lower extremity counterpart,
similar results have been noted in the Military Extremity Trauma Amputation/Limb
Salvage (METALS) study, whereby long-term functional outcomes are similar for
both amputation and limb salvage groups. [19] However, this study similarly dem-
onstrates the persistence of overall disability in this population regardless of what
type of treatment is pursued.

15.5 Level of Amputation

In some scenarios, limb salvage may fail due to local factors such as wound infec-
tions, complete damage to bones or soft tissues, or systemic factors affecting wound
healing such as smoking, diabetes, peripheral artery disease, and neuropathy, in
which cases amputation should be considered [20]. When taking this path, it is
important to prepare a functional and painless residual limb for ambulation and
activity [21]. Early counseling for patients and their families play a pivotal role in
expected outcomes from such procedures [21]. It is also of uttermost importance to
determine the level of amputation that gives the patient the best results in terms of
activity, motility, and preservation of joint functions. The location of the most severe
injury sustained by the traumatized limb is usually the main determinant of the level
of amputation [21].

Table 15.2 shows that function and length are generally directly correlated,
whereas energy consumption and length are inversely related.

Recent studies suggested that patients with below-knee amputation have a sig-
nificantly better outcome than those who underwent above-knee amputation [21,
23]. It is also worth mentioning that patients with knee disarticulation have a better

Table 15.2 Energy expenditure as a function of lower extremity amputation level [22]

Amputation level Energy above baseline, %  Speed, m/min  Oxygen cost, mL/kg/min

Long transtibial 10 70 0.17
Average transtibial 25 60 0.20
Short transtibial 40 50 0.20
Bilateral transtibial 41 50 0.20
Transfemoral 65 40 0.28

Wheelchair 0-8 70 0.16
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quality of life than those with above-knee amputation [23]. Therefore, it is impor-
tant to maintain the maximal length of the stump during surgery. In brief, the most
used lower extremity amputation levels in order of length preference are trans meta-
tarsal, Lis franc, Chopart, Syme, transtibial or below-knee amputation (BKA), knee
disarticulation, transfemoral or above-knee amputation (AKA), hip disarticulation,
and hemipelvectomy [21, 24].

15.6 Transtibial Amputation

From clinical experience in the current conflicts, this level represents the workhorse
of amputations performed on the leg and below [25]. Taking into consideration that
the knee joint will be preserved, this will allow the amputee to have a near normal
gait with less energy required for ambulation [21, 26]. Patient who underwent
below-knee amputation have a high rate of prosthetic use and are usually active
[26]. At present, most BKAs are performed using a long posterior myocutaneous
flap that is based on the blood supply from the gastrocnemius muscle [21]. This
technique first described and popularized by Burgess in 1969 is based on the fact
that the poorly vascularized anterior skin flap is compensated by the highly vascu-
larized posterior flap [27, 28]. Later on, different techniques have been proposed for
below-knee amputation that differ based on the soft tissue coverage used. In 1982,
Robinson described the skewed flap based on the observations that thermographic
mapping of the leg shows a higher temperature profile on the anteromedial as well
as the posterolateral aspect this finding indicates a better blood flow, or say better
nutrition, of the anteromedial as well as the posterolateral areas below the knee joint
[29]. A recent meta-analysis showed the choice of amputation skin flap, including
skew flaps and sagittal flaps, has not improved outcomes when compared with the
posterior myocutaneous flap [21, 30]. No difference was also found in terms of
wound healing, stump infection, and re-amputation rate [23]. The standard below-
knee amputation techniques may not always be always used in war-related injuries
due to the highly damaged soft tissues, therefore the surgeons may use local “flaps
of opportunity” to cover the defect [21].

15.7 Surgical Technique

In terms of surgery, the main steps remain the same regardless of the level of ampu-
tation. The gold standard in war-related amputations is the aggressive removal of all
necrotic and dead tissues [21]. The essential principles of amputation surgery at any
level include removal of diseased tissue, providing a residual limb that allows for
prosthetic fitting, tapering the ends of the bone to avoid sharp edges, providing a
conical-shaped limb to allow better prosthetic fitting, controlling post-surgical
edema, avoiding hematoma formation, allowing for nerve retraction, preservation of
length, and optimized post-operative pain control [22, 31]. It is also important to
minimize operation time and reduce blood loss; therefore, the use of a tourniquet is
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usually recommended [21, 27]. Copious irrigation with normal saline is advised
with low-pressure irrigation preferred over high-pressure jet lavage [27]. The viabil-
ity of the tissues must be assessed in the operating room based on the 4 Cs: color,
consistency, contractility, and capillary bleeding when cut [32]. As mentioned
above, the cornerstone of war surgery is to remove all non-viable tissue, fat, fascia,
and muscle. At a later stage, the bone should be tackled with adequate length pres-
ervation; removal of small bone fragments and foreign bodies is essential to reduce
infection rates. However, it is also of uttermost importance to preserve viable tissue
and to preserve function.

Since injuries sustained in battle are usually contaminated, amputations are left
open in either a guillotine fashion or with retaining muscle and skin flaps that could
be used later in closure. To reduce infection rates, the use of subatmospheric wound
dressings is becoming more popular for large wounds and cavitary defects [33].
Usually, serial irrigation and debridement will follow the primary surgery and are
usually spaced for 48 hours. Once the wound is adequately debrided, stump closure
should be performed [21, 27].

15.8 Anatomic and Physiologic Considerations
in the Pediatric Patient

15.8.1 Bone Growth

The pediatric patient is a growing patient, whereby the physis plays a pivotal role in
the growing extremity. As such, maximal effort must be exerted to preserve the
physis, as this will have great implications later down the line when it comes to
rehabilitation and prosthetic fitting [34]. However, when removal of one of the
growth plates of a long bone is warranted, as happens in most through-bone amputa-
tions, growth is inhibited at the remaining growth plate on the proximal end of that
bone. Therefore, the longitudinal growth of the remaining bone stump is generally
stunted, resulting in a remnant that is shorter than would be expected as the child
grows [35]. However, the child will require frequent prosthesis modifications, with
socket revisions or replacement, as the residual limb does continue to grow, even if
at a below-ideal rate [36].

15.8.2 Stump Length

While resection of devitalized soft tissue or bone is needed following severe extrem-
ity injury, pediatric patients generally have a superior healing capacity compared to
adults, and damaged and infected tissues may respond more readily to medical
resuscitation [21, 37]. This enables a more conservative approach to debridement,
whereby it could be enough to simply debride non-viable tissue that is encountered
during the first surgical intervention [37], with secondary revisions warranted in the
days thereafter to assess the viability of tissues and whether an amputation would
be needed.
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Taking into account the aforementioned idea that growth of the amputated long
bone is stunted, recognizing the importance of an adequate stump length following
an amputation is vital so as to achieve good functional skeletal length at maturity.
As such, all efforts should be exerted by the surgeon to maintain as much bone and
soft tissues as possible without, however, compromising the adequacy of the
debridement process so as to achieve an acceptable stump [38]. Negative pressure
wound therapy (NPWT), or vacuum-assisted closure (VAC), has become a useful
temporary adjunct once the wound has been adequately debrided and has become
stable, as a plan for final bony level and soft tissue coverage is being formulated
[39] [40].

15.8.3 Tissue Coverage

A number of reconstructive options are available to ensure soft tissue coverage of
the stump should primary skin apposition not be attainable. Options include local
flaps, free flaps, or tissue expansion so as to create an expandable flap. Soft tissue
coverage of the distal end of an amputated extremity is important so as to control
bony overgrowth with its associated complications [41]. Moreover, owing to its
higher elasticity, the skin of a child can be stretched to cover the end of the residual
limb, and skin grafts in the pediatric patient could better tolerate weight bearing and
the shear forces experienced in the socket of the prosthesis [42].

15.8.4 Stump Overgrowth

Following an amputation performed through a bone, a common complication expe-
rienced by pediatric patients is appositional or intramembranous ossification at the
transected end of the bone. This osseous overgrowth, or exostosis, can be problem-
atic in several ways: compromising the adequacy of prosthetic fitting and injuring
the surrounding soft tissues in the stump, leading to the development of pressure
injuries or perforation through the skin [43]. This often necessities either prosthetic
modifications or secondary surgical procedures to revise these overgrowths when
the former fails [44]. It is important to recognize that the problem of stump over-
growth is not encountered with joint disarticulation but is only faced in the setting
of through-bone amputations. Other events that can complicate post-op recovery
include neuroma formation and phantom limb sensation.

15.9 Prostheses

An important consideration for children is that they are growing entities both physi-
cally and socially, and a child who experiences an acquired limb loss will have a
sense of incompleteness and will undergo a period of readjustment, the success of
which greatly depends on how well the child accepts the replacement prosthetic
limb. While a prosthesis will never truly replace the missing limb, it will be needed
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to regain functionality as much as possible so that the child can continue to proceed
through their developmental milestones [45].

Both upper and lower extremity prostheses share similar overall structures and
are composed of: a socket, suspension system, pylon, and terminal section.
Additionally, it is important to note that the prosthesis can also include an elbow or
knee section that would mimic the lost joint in above-elbow and above-knee
amputations.

15.9.1 The Socket

The socket is the weight-bearing part of the prosthesis that establishes contact with
the stump of the residual limb and, as such, has to be custom-designed to fit a given
amputation stump. While sockets have been historically designed so that weight
bearing is mainly concentrated at the tip of the stump, newer sockets are total sur-
face bearing and are designed to distribute the weight equally throughout the stump,
thereby minimizing complications [46]. A comfortable fit is essential for the child
to accept the prosthesis [41].

15.9.2 The Suspension System

This is the means by which the prosthesis is held in its proper position during dif-
ferent types of movements of the given extremity so as to prevent displacement of
the socket out of its fit with the amputation stump. In other words, the suspension
system ensures that the socket and the amputation stump are completely adherent to
one another at all times and during different types of movements of the limb so as
to prevent displacement of the stump within the socket and to minimize pain and
gait instability [47]. This suspension system can take the form of a belt that anchors
the stump and the socket to one another. Alternatively, internal suspension systems
have replaced their more cumbersome and bulky external counterparts, and these
include atmospheric/suction systems and pin-lock systems, among others [48]. It is
not uncommon for more than one suspension system to be used at a given time [23].

15.9.3 The Pylon

This is the structure that lies between the socket and the terminal section. In other
words, it is the arm/forearm section in an upper extremity prosthesis and the thigh/
leg section in a lower extremity prosthesis. The pylon can either be rigid or flexible,
and the latter is particularly important for lower extremity prostheses so as to allow
shock absorption during running and walking activities and is referred to as a shock-
absorbing pylon (SAP) [27, 49].
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15.9.4 The Terminal Section

This is either the hand in an upper extremity prosthesis or the foot in a lower extrem-
ity prosthesis.

15.9.5 The Hand

While the hand was originally designed as a rigid unit, advancements today have
allowed the construction of an artificial hand with moveable, articulated fingers
given the importance of dexterity that is attributed to the hand. The most common
configuration is that whereby the first three digits can be operated, whereas the
fourth and fifth digits are composed of a flexible material that conforms to the shape
of the object that is being held in the hand [45]. A number of terminal devices can
be attached to the end of the hand prosthesis to enable performing particular func-
tions by the amputee, one example of which could be a hook [45].

15.9.6 The Foot

The ankle and foot assembly in a lower extremity prosthesis exists in articulated and
non-articulated forms. In the former, the ankle and the foot are a single rigid entity,
and there is no separation between the two. In the latter, the foot and the ankle are
separate entities, thereby enabling movements such as plantarflexion-dorsiflexion
and/or inversion-eversion of the foot [50].

15.9.7 Power Source

A major distinguishing feature between upper extremity prostheses is the energy
source used to power their movements. The prosthesis could be body-powered,
whereby movements of the more proximal parts of the body such as the shoulder or
the stump allow the motion of more distal parts of the prosthesis due to changes in
tension being applied to a cable system that runs along the length of the prosthesis.
The prosthesis could alternatively be electric-powered by a chargeable battery that
operates an electric motor in the pylon, and this motor could be switched on or off
by movements of the stump [47].

More recent is the advent of the myoelectric prosthesis, or the bionic hand,
whereby the amputee is able to stimulate its movement by simply thinking about
making an effort to open or close the fingers. Sensors present in the socket are able
to pick up the electric potentials being transmitted through the stump as the amputee
makes a conscious effort to move the hand or fingers, and these signals are transmit-
ted to a motor unit in the hand or wrist section to obtain the desired movement.
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In contrast to the upper extremity prosthesis, dexterity, and manipulation of
objects are not required from the lower extremity counterpart. However, it is primar-
ily needed to generate propulsive power to achieve motion of the body as a whole
by walking or running, and an external energy source is often not needed. However,
the effort is currently in place to produce myoelectric ankle/foot prostheses similar
to the bionic hand so as to trigger movements of the ankle by means of neural sig-
nals [51, 52]. It is also worth noting that electric-powered knee units are available
but have not been successful owing to poor battery life, noise, and weight [21].
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16.1 Chapter Text

Injuries in children caused by firearms were often found to lead to considerable
functional limitations. In addition, the psychological and social disruptions, which
are present in a state of war, could influence children’s recovery.

16.2 Outcomes After War-Related Trauma to Children

Jandric looked at 193 children aged 1-16 years to see if the grade of functional
status differed considerably depending on the severity of the damage (firearms,
other mechanisms of injury). The most common injuries were musculoskeletal and
brain injuries. The extremities were the most commonly injured areas. Many badly
injured children were shown to have long-term physical limitations. They were fre-
quently discovered unable to walk without assistance and required the assistance of
another person, a walker, or a prosthetic. Despite the suppleness, children who
experienced significant trauma suffered long-term repercussions. Only 35.6% of
children who had severe trauma and roughly 10% of children who were injured by
firearms recovered fully functionally [1-4].
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16.3 Maedical Therapy

Increased protein breakdown is accompanied by insufficient synthesis in the
post-injury hypermetabolic reaction. This causes a loss of lean body mass and, as
a result, muscle weakening. However, the catabolic consequences are not
restricted to muscle, as bone mineral content (BMC) and fat mass are also
reduced. To enhance anabolism in trauma patients, strong nutritional support is
required both during acute hospitalization and after discharge. These steps, how-
ever, have not proven to be sufficient. Several therapy options have been looked
upon. Insulin, growth hormone, insulin growth factor I, oxandrolone, and testos-
terone are examples of anabolic hormones that have been utilized with varying
degrees of success. Insulin has been found to be the most efficient in increasing
net protein synthesis.

In badly burned children, oxandrolone 0.1 mg/kg/day has been proven to greatly
speed healing. It has been shown to greatly boost muscular anabolism. Patients on
oxandrolone had greater insulin growth factor-1 secretion, lean body mass, and
muscle strength after a year of follow-up. In severely burned individuals, oxandro-
lone given over a shorter length of time paired with a 12-week exercise regimen
produces much better outcomes than either alone. It has been shown that a dose of
0.1 mg/kg twice daily for up to a year is relatively safe. Patients should, however, be
constantly monitored for potential side effects such as hepatotoxicity, testicular
shrinkage, hirsutism, or behavioral abnormalities.

Endogenous catecholamines are important regulators of the hypermetabolic
response in the aftermath of significant trauma. They increase myocardial contrac-
tility, myocardial oxygen consumption, and local myocardial hypoxia, resulting in
tachycardia. Catecholamine concentrations in plasma increase tenfold almost
immediately after injury and stay high for 2 years. Cardiotoxicity has been linked to
high doses. The use of propranolol (a nonselective beta-antagonist) to block beta-
adrenergic receptors in seriously injured patients can reduce hypermetabolic adren-
ergic effects and reduce catecholamine-induced muscle catabolism and lipolysis. It
reduces oxygen consumption, mandatory thermogenesis, cardiac effort, heart rate,
and cardiac oxygen consumption. It also improves immunological response and
reduces infectious consequences by correcting any catecholamine-mediated impair-
ment in lymphocyte activation. Beta-blockers may also reduce the inflammatory
response by lowering the levels of IL-6 and MCP-1.

Propranolol medication for 12 months is safe in children with burns covering
more than 30% of their entire body surface area. In children with minimal bouts of
bradycardia and hypoglycemia, a daily dose of 4 mg/kg is well tolerated [5, 6].

16.4 Physical Therapy

Patients require considerable physical therapy in addition to medical treatment.
Physical weakness is frequently linked to impaired osteogenesis, discomfort, and
psychosocial stress in those who have suffered severe burns. Scars and contractures,
which can be socially and physically debilitating, can worsen these issues. Because
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scars do not expand at the same pace as normal skin, burn scar contractures are a
primary cause of late morbidity, especially in children who are still growing.
Splinting and positioning are considered necessary to restrict and avoid the develop-
ment of contractures, however, they might be difficult in the pediatric population.

Physical therapy can help counteract decreasing range of motion and avoid severe
contractures in the extremities and fingers if started early. During outpatient rehabili-
tation, supervised resistance training and aerobic exercise regimens have been demon-
strated to provide significant advantages. Cardiopulmonary capacity, the muscular
mass, and pulmonary function improve 6 months after a burn when an organized
program is undertaken. Strengthening occurs in severely burned youngsters as a result
of greater muscle and neurological adaptations. It could be linked to an increase in
endogenous anabolic hormones like growth hormone (GH) and testosterone secretion.

Improved physical exercise can help the patient ambulate more comfortably and
execute things on their own. This alone would boost a child’s emotional and physi-
cal self-esteem, resulting in a better quality of life.

16.5 Pain Management

The stages that follow an injury are marked by a lot of pain and concern. Patients
should be given adequate pain control during the rehabilitation process in order to
maintain their psychological and physical well-being. Procedural pain and physical
therapy discomfort can have a substantial impact on a patient’s willingness to partici-
pate in rehabilitation therapy. If the child has had a bad first experience, he or she is
more likely to endure increasing discomfort and anxiety during subsequent sessions.

Understanding and addressing the requirements of individual patients is critical,
and standardized processes must be reassessed on a regular basis. Because sedation
is used during the treatment, a variety of analgesic, amnesic, and anxiolytic regimens
can be used. When compared to the use of opioids alone, which has been proven to
cause a drop in SaO, of more than 90%, this is favorable. In burned children, non-
pharmacological cognitive (distraction tactics), behavioral (conditioning/relaxation
techniques), and learning techniques have helped manage procedural pain. In ther-
apy, the utilization of purposeful playing activity can produce excellent outcomes.
Their focus is directed away from the discomfort, making the encounter less painful.

Multimodal distraction creates a subjective illusion in a child’s mind based on
sensory inputs from a virtual reality that successfully captivated the attention from
feelings of pain and anxiety. A statistically significant reduction in pain-related
brain stimuli was recorded in patients who underwent virtual reality [7].

16.6 Scar Management

Hypertrophic scarring is defined by chronic inflammation and proliferation of der-
mal tissue, as well as excessive deposition of fibroblast-derived extracellular matrix
proteins, primarily collagen, in children who have been exposed to trauma causing
extensive burns. Scar prevention and management is one of the most essential
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rehabilitation challenges for trauma sufferers. Early and vigorous interventions are
the cornerstones of successful management. However, there is no consensus in the
research on how to avoid and cure these scars. Surgical excision and grafting, occlu-
sive dressings, topical or intralesional steroids, cryotherapy, laser therapy, radiation,
pressure therapy, silicone gel sheeting and creams, and a range of other topical
extracts have all been recommended.

Pressure therapy is designed to prevent the formation of hypertrophic scars and
should be used as soon as the wound is closed. Recommendations for the amount of
pressure and length of therapy are based on observational studies and are not con-
clusive. To overcome capillary pressure, it is recommended that the pressure be
provided at roughly 24 mm Hg for 23 h per day. Maceration and paresthesia can
occur when pressures exceed 40 mm Hg. Although the specific mechanism of action
is uncertain, it has been associated with a reduction in scar blood flow and the stimu-
lation of structured collagen deposition. Unfortunately, sticking to the prescribed
routine can be challenging, especially during the summer.

The pressure garments can be utilized with gel sheeting, either hydrogel or sili-
cone sheeting. They frequently soften scars by keeping them hydrated and reducing
tension. They appear to promote scar maturation while reducing scar enlargement.
Skin maceration, recurrent pruritus, skin rash, bad odor, and poor long-term compli-
ance are all commonly reported adverse effects. In rehabilitation institutes that spe-
cialize in scar treatments, massage therapy, whether manual or mechanical
(compressed air, threadlike showers, and vacuotherapy) is commonly used. Although
different approaches can be used, none of them have been proven to be effec-
tive [8—11].

16.7 Transition to Outpatient Rehabilitation

Transitioning from intensive care and inpatient wards to outpatient care might raise
the chance of misunderstanding and miscommunication, resulting in a lack of nec-
essary care and increased stress. It is critical to recognize and address the challenges
that families will experience once the child is brought home. The method for pro-
viding an efficient and effective changeover procedure is still unknown. Unmet
needs are typical in children who have had brain damage, particularly in the first few
months after the accident. It was discovered that post-discharge phone calls from an
experienced rehabilitation nurse were able to clear up any misunderstandings and
aid families with the difficult transition.
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17.1 Introduction

Children living in conflict zones are nothing but victims of the actions of adults.
Civilian casualties, including those in children, are part of the collateral damage
resulting from modern war [1]. Children’s injuries result from various scenarios
including direct and indirect trauma, imprisonment, and recruitment of minors in
combat. No matter the cause, the resultant injuries to children bring about both
physical and psychological trauma, with the latter being more severe in some cases.
Part of the suffering of injured children is the wounds they acquire, complicated by
infections leading to amputations and disability.

In fact, all war-related wounds are grossly contaminated by various types and
forms of bacteria [2]. Contaminated wounds caused by blasts and gunshots increase
the risk of wound infection. Throughout history, several epidemics and pandemics
from smallpox to cholera were responsible for greater morbidity and mortality than
those caused by the injury sustained during wartime. However, upgrading the health
care systems and the sanitation infrastructure were key elements in decreasing some
of the morbidities and mortality rates related to these infections [3].
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Improving the survival rates among injured patients during wars has increased
the risk of acquiring wound infections and their subsequent complications including
multi-drug-resistant organisms and sepsis [3]. On the other hand, early surgical
interventions with aggressive surgical debridement and delayed primary closure
were all part of a better treatment regimen leading to superior outcomes in terms of
lower complications and mortality rates.

War injuries, whether due to trauma or post-operative complications, as in surgi-
cal site infections, pose a great burden not only on the patient but also on the treating
physician and healthcare system [4].

17.2 Pediatric Pathophysiology of Wound Infection

There is no doubt that skin plays a significant role in preventing the bacterial flora
living on its surface from invading and infecting the tissues and structures under-
neath [5]. Aside from the complexity and integrity of the skin, several other impor-
tant factors determine the risk of developing a wound infection. These include the
type of wound, depth, site of injury, and the host immune response to contaminants
[6]. However, the anatomical and physiological responses to wounds differ between
children and adults, and among children themselves according to age group. Younger
children have thinner skin, a smaller body surface area, a smaller intravascular vol-
ume, less capable of preventing and fighting wound infections [7-9].

There are multiple sources through which bacteria responsible for wound infec-
tion can penetrate:

— Environmental Contamination is one of the major sources at the time of injury
referring to contaminated clothes, shrapnel, bullets, and dirt associated with
explosives [6].

— Skin-associated normal flora including Staphylococcus epidermidis,
Propionibacteria, Micrococci, and skin diptheroids [5].

— The bacterial flora colonizing the internal organs mainly genitourinary, oropha-
ryngeal, and gastrointestinal mucosa [10]. Multiple studies done on patients with
wound infections have shown a close correlation between the bacterial contami-
nants found on wound culture and those present in the gut or oral cavity [11-13].

The resultant tissue hypoxia from wound injuries leads to cellular death and tis-
sue necrosis. This creates a perfect environment for fastidious anaerobes to grow
and proliferate consuming the local residual oxygen; this process was first described
by Alexander Fleming during World War I [14].

Furthermore, tissue hypoxia is known to impair the local immune response,
especially against invading microorganisms. The Antimicrobial burst of polymor-
phonuclear cells and its activity is impaired when reaching levels lower than
30 mmHg of PO2 [15]. Consequently, impaired tissue perfusion increases the risk
of wound infection when compared to well-perfused tissue [16].
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17.3 Diagnosis of Infection

The multiplicity of wound presentation in combat injuries makes it a laborious task
to culture all wounds effectively. This may be due to numerous reasons such as a
superficial or fluid swab culture taken for a wound that has a deeper infection brew-
ing or a deep tissue culture taken while an osteomyelitic bone infection is lying
underneath. Such examples lead to the initiation of inappropriate treatment for com-
bat wound infections resulting in long and arduous ineffective treatment regimens.
The complexity of combat wounds should be always taken into consideration when
diagnosing wound infections and initiating treatment. Computed tomography imag-
ing to diagnose deeper collections and magnetic resonance imaging or bone scans
when available to rule out osteomyelitis should be ordered when needed and clini-
cally suspected. However, this does not negate the need for proper testing and avoid-
ing unnecessary cultures when the clinical scenario does not require. Over-testing is
as bad as under-testing when trying to culture the microorganisms from war inju-
ries. Another major requirement is early testing for suspected wound infections,
which helps in avoiding further complications such as delayed wound healing, pro-
longed hospital stay, deeper infections, and systemic infections [5].

17.4 Bacterial Contaminants of Pediatric War Wounds

Searching through the literature, there is a severe dearth of studies on the microbiol-
ogy involved in war injuries targeting the pediatric population. Most studies citing
microbiology of war injury include very few if any pediatric patients in their sam-
ple. In a study comparing infantile to the adult cutaneous microbiome, a close simi-
larity was observed between the two groups, and hence part of the conclusions in
this article were based on adult findings to account for the scarcity of pediatric
microbiology studies [17].

The microbiology of war injuries in adults has involved both Gram-positive and
Gram-negative bacteria. Among Gram-positive bacteria, Staphylococcus aureus has
been the most commonly involved pathogen [18]. Regarding Gram-negative bacte-
ria, Pseudomonas spp. and Acinetobacter baumannii were the most commonly iso-
lated [19, 20]. An interesting finding in war-associated osteomyelitic infections is
the predominance of Gram-negative cultures in the early phases of infection and the
predominance of Gram-positive cultures in the later phases [21, 22]. This finding
can be attributed to several reasons, including nosocomial infections and inappro-
priate antibiotic usage.

It is clearly evident that pediatric physiology, along with the pathophysiology of
wound infection, differs significantly from adults. This is mainly related to the fact
that both skin and the intravascular volume are much greater in adults compared to
the pediatric population and thus the reaction to traumatic events differs too [23,
24]. However, there is not enough data stating the differences in bacterial contami-
nants among the pediatric age groups susceptible to wound infections.
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Nonetheless, certain constants remain regarding the common pathogens present
in war wound infections whether in pediatrics or in adults [25, 26]. Several patho-
gens are commonly present and identified in wounds causing infection:

— Gram-positive cocci: S. aureus and beta-hemolytic streptococci are part of the
normal human skin flora [1]. Recently, the presence of methicillin resistant
S. aureus (MRSA) has increased the burden of treatment in many conflict coun-
tries [27, 28].

— Gram-positive bacilli: including the Clostridia species are widely spread in the
environment and might cause gas gangrene and tetanus infections [2, 29].

— Gram-negative bacilli: Enterobacteriaceae such as Escherichia coli, Proteus and
Klebsiella spp., Pseudomonas aeruginosa, and Bacteroides are found in the gas-
trointestinal tract with Acinetobacter baumannii being one of the major patho-
gens recently associated with nosocomial infections [30, 31].

Since World War I, studies done by Alexander Fleming have shown that the bac-
teriological nature of wound infections has evolved over time [32]. In other words,
the development of wound infection and the microbiological etiology can evolve
from the instant of wounding, self-contamination, and might end up with hospital-
acquired nosocomial bacteria stepping in [2]. This highlights the importance of
proper surgical debridement and wound hygiene as well as the need for proper anti-
biotics whether prophylactically or postoperatively to prevent evolvement of infec-
tion. Negative pressure wound therapy has an important role as bridging therapy,
especially in contaminated wounds or those not ready for definite coverage. It has
also been proven to help reduce the number of major soft tissue coverage proce-
dures such as local muscle flaps and free tissue transfer [33].

17.5 Antimicrobial Resistance

Wars have been a notorious source of multi-drug-resistant (MDR) bacteria. These
drug-resistant strains have been a problem for both military and civilian patients
alike. The transfer of military personnel back to their home country and civilians to
regional care centers has contributed to the widespread and dissemination of MDR
organisms. Nosocomial transmission in sub-optimally equipped care centers has
also played a role in spreading drug-resistant bacteria.

To begin with, refugees from war-torn countries such as Syria have been known
to have high rates of MDR bacteria, due to several reasons such as non-prescription
antibiotic sale [34-36]. MDR pathogens are present in as much as 83% of pediatric
infections, with 58% of those infections having MDR bacteria similar to those pres-
ent during the initial screening cultures [37].

Extended spectrum beta-lactamase producing E. coli and Klebsiella pneumoniae,
are the most commonly isolated MDR pathogens followed by Acinetobacter bau-
mannii, carbapenem resistant Enterobacteriaceae (CRE), MRSA, and vancomycin
resistant Enterococci [37].
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MDR bacterial infections have been linked with higher rates of failure of limb
salvage, operative take-backs, and late amputations [38]. Furthermore, they have
been associated to lower functional outcomes from limb injuries [38].

Consequently, firm infection control measures should be taken to impede the
nosocomial transmission of MDR bacteria. They include early contact precautions,
early culturing when needed, and hand hygiene. Appropriate antibiotic regimens
should be initiated when required, with reservation of empiric broad-spectrum anti-
biotics for more severe and critical infections.

17.6 Antibiotic Prophylaxis and Management
of War-Related Injuries

Prophylactic antibiotics in war injuries are commonly prescribed, regardless of the
wound contamination status and mechanism of injury [39, 40]. Using targeted anti-
biotics with a narrower spectrum and for appropriate courses decreases the compli-
cations of wound infections and the incidence of MDR bacteria [41].

Wound care in combat-related injuries begins with copious irrigation of the
affected wound, especially if the status of the wound is contaminated. Irrigation
and removal of debris is followed by proper debridement procedures, as frequent
and numerous as needed until healthy viable tissue is obtained. When required in
contaminated wounds, antimicrobials should be given within 3 h preferably,
along with the tetanus toxoid or immune globulin when indicated as per the
guidelines of the Infectious Diseases Society of America and the Surgical
Infection Society [41]. The latter measures help prevent sepsis and wound-asso-
ciated complications. Targeted antimicrobial therapy depends on the area of the
body affected; cefazolin is used for extremity, central nervous system, and tho-
racic injuries; metronidazole is added to cefazolin for penetrating abdominal
injuries and thoracic injuries with esophageal perforation. Topical antimicrobi-
als, such as silver sulfadiazine and mafenide acetate, are reserved for burn inju-
ries where systemic antibiotics are not needed. As the aforementioned
recommendations are for adults, several modifications apply to pediatric patients.
Mafenide acetate is to be avoided in neonatal patients as it may cause kernic-
terus. Doses in pediatric patients less than 40 kg should be adjusted based on
weight. Cefazolin and metronidazole doses should be based on patient’s weight
and divided into several doses [41]. Ertapenem, with usual dosing of once daily
in adults, should be divided into two doses daily in children up to 12 years [41].
An alternative for abdominal penetrating injuries is ciprofloxacin or levofloxacin
combined with metronidazole. Vancomycin can be added in cases of central ner-
vous system trauma when needed. In septic patients, empiric antibiotics such as
meropenem and amikacin are indicated [37]. Severe sepsis or CRE/ MDR
Acinetobacter baumannii presence requires the addition of colistin [37].
Fluoroquinolones, tetracycline, and chloramphenicol should be avoided in chil-
dren depending on age [42, 43].
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17.7 Major Clinical War Wound Infections in Pediatrics

The polymicrobial nature of wound contamination might lead to various forms of
infection [2]. Multiple fatal infections are ubiquitous in war wounds, mainly those
which are neglected or mismanaged without proper excision and debridement [2,
44, 45]. The spectrum through which wound infection runs ranges from the minor
superficial surgical site or wound infection to a more severe organ or surgical space
infection to sepsis and septicemia [2, 46]. War wounds are frequently grossly con-
taminated with foreign materials and dirt [47]. They might initially start as cellulitis
with/without local abscess formation through which the bacteria begin to spread
from areas that are contiguous to the wound [48]. Cellulitis represents acute infec-
tion of the skin involving the dermis and subcutaneous tissues with the predominat-
ing microorganisms being Gram-positive cocci such as Streptococcus spp. and
Staphylococcus aureus [49, 50]. The clinical picture in pediatric patients does not
differ from that of the adult including pain, heat, erythema, and swelling, with skin
penetration being the major risk factor [49].

Myositis and deep tissue infections result from further bacterial spread into the
muscles and tissues underneath [2]. Systemic symptoms such as fever and tachycar-
dia are more pronounced in this case and can dominate the clinical picture [2, 51].

Before the era of penicillin, deep tissue infections were usually caused by
Clostridia and invasive beta-hemolytic Streptococci for the profound amount of tis-
sue damage and the most severe systemic signs and symptoms [2, 52, 53]. The clini-
cal picture since the presence of penicillin has significantly changed [54].

However, multiple invasive deep tissue infections in war-injured children have
been observed in the literature including gas gangrene in mismanaged and neglected
wounds, tetanus due to the disruption of immunizations and poverty in conflict and
combat areas, invasive streptococcal infection, bone infection, necrotizing fasciitis,
and pyogenic deep tissue infections [2, 55, 56].

17.8 Complications of Wound Infections

A variety of complications result from wound infections, whether correctly man-
aged or not. Rates of complications have been reported to be higher than 25% in
evacuated patients [38]. Incorrect and ineffective treatment, along with delay in
initiation of treatment, results in a higher frequency and severity of wound infection
complications. Deep wound infections and osteomyelitis can result as sequelae
from more superficial infections. Further infectious complications include the emer-
gence of MDR bacteria [38].

17.9 Conclusion

Prevention is key in war injuries; it should begin when injury occurs including copi-
ous irrigation, proper surgical debridement, adequate wound care, fracture fixation,
and antibiotic prophylaxis when indicated [38]. Strict infection control measures
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should be applied when possible. Major obstacles remain in the way such as the
severe environments of battle and gross contamination of wounds, improperly
equipped medical health facilities in conflict zones, and the lack of availability of
appropriate treatment at some centers.
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Support for the War Injured Children

Evelyne Baroud and Leila Akoury Dirani

18.1 Background and Epidemiology

In the world of today, there has been a shift in the type of armed conflict and war,
from well-defined battlefields to civilian and community targeting [1]; conflicts
have also become more stretched out and prolonged with a tendency to wax and
wane [2]. Over the last few decades, there has been a consistent and steady rise in
the number of children living in conflict areas [3]. In 2017, an estimated 1.8 billion
children live in areas or countries torn apart by armed conflict [3]. In terms of the
total number of children living in such areas, Asia has the highest figures; yet this
must be taken in the context of the overall population size [3]. It is in fact the Middle
East—with an approximate 40%, or 2 out of 5 children living in conflict regions—
which has the highest portion of children affected by conflict; relative to its overall
population [3]. The numbers for Africa, Asia, the Americas, and Europe, are as fol-
lows: 26%, 16%, 11%, and 5%, respectively [3]. Quite alarmingly, more than 420
million children live less than 50 km away from actual fighting zones [3]. In 2017,
approximately a third (33.7%) of the world’s children in conflict areas were reported
to live in “high intensity” conflict regions where the census for battle-associated
deaths exceeds 1000 children in a year’s time [3]. There is a wide array of harms
that befall children and adolescents during the conflict, these include but are not
limited to death, physical injury, disfigurement, disease [3, 4] the failure of struc-
tures that deliver preventive, curative, and ameliorative care [4], as well as the hin-
drance of proper humanitarian help such as medical care, which according to United
Nation reports, has become more widespread in recent years [3]. Deeper wounds
that involve the mental health and psychological well-being of these children have
also been well-documented in the literature [5—7]. The aims of the present chapter
are to (1) provide an overview of the impact of war on children's mental health; (2)
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explore some of the moderating factors in this complex relationship; (3) provide an
overview of the assessment of children and adolescents exposed to war trauma; and
(4) briefly review the evidence-based interventions and treatments that may help
this vulnerable population.

18.2 Impact of War on Children’s Mental Health
18.2.1 Stressors and Resilience

Stressors that may lead to acute and chronic stress responses in children may be
classified into primary and secondary [8]. Primary stressors relate to the direct
experience of harm or danger of harm, while secondary stressors encompass the
repercussions of the disaster (i.e., adversities such as loss of home and injury). In
many cases, if given appropriate support, children recover from acute stress
responses over the course of time [8]. The American Psychological Association
defines resilience as “the process of adapting well in the face of adversity, trauma,
tragedy, threats or even significant sources of stress” [9]. Though resilience is an
intricate concept and has been defined in many different ways; it generally refers
to the capacity of a dynamic system to effectively adjust to disruptions that pose a
danger to its viability; and an individual’s ability to achieve a stable course of
healthy function following an adverse experience [10]. For children in particular;
there is an added layer of complexity to the concept of resilience; as a number of
factors including parents or caretakers, family, and community/social come into
play and are necessary for resilience to develop in children [11]. In trying to under-
stand what adds to the resilience of children who experience war, factors are con-
ceptualized on three levels [12-14]. The first level pertains to the children
themselves and their individual characteristics; this includes their coping styles
whereby resilient children characteristically evaluate traumatic incidents as less
devastating and are able not only to appreciate the existing social resources but also
to use relevant cognitive-emotional means that are appropriate to the stresses of the
particular traumatic incident [12, 15]. Family is at the second level, as it is the main
contributor to the healthy development of a child, especially after exposure to
trauma [16]. The existing literature documents the buffering effect that a protective
family environment can have. A study by Barber in 2001 showed that better paren-
tal education, integration in the family, and good parenting safeguarded the mental
health of Palestinian children exposed to military violence. Specifically, the devel-
opment of antisocial behavior among adolescents was precluded if they had ele-
vated levels of parental acceptance and support [17]. In another study among
Palestinians, supportive parenting styles were related to creativity and cognitive
capacity in children, which in turn, added to psychological adjustment despite
heavy war trauma experiences [18]. What is more, constructive relationships with
siblings and connectedness with peers can dampen the mental health effects of war
trauma particularly when It comes to symptoms of anxiety and depression [19, 20].
Having explored this, it is worthwhile to be aware that there are a number of other
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Table 18.1 Factors that moderate the detrimental effects of war on children [21]

Solid bond between the primary caregiver and the child

Maternal mental health

Presence of additional caregivers

Social support from persons in the community who have been exposed to the same suffering
Shared sense of values

Religious beliefs that find meaning in suffering

Assuming responsibility for the protection and well-being of others

Having an internal locus of control

Using humor and altruism as defense mechanisms

factors that moderate the detrimental effects of war on children [21]. Table 18.1
lists the factors that were found to moderate the negative repercussions of war on
children in the literature.

18.2.2 War and Psychopathology in Children and Adolescents

According to some researchers, traumatic experiences represent a continuum and
it is the magnitude of the stress or the effect of moderating factors rather than the
nature of the stress itself that is more important in determining aftermaths.
According to this perspective, traumatic events may result in a wide variety of and
are a risk for a number of different psychopathologies; and the particular psychiat-
ric outcome may be related to characteristics of the child him/herself rather than
the traumatic exposure [22]. On the other hand, other research explores that differ-
ent types of stress may be specifically associated with different types of psychopa-
thologies. For example, dangerous experiences usually generate distinctive signs
of fear in a child, while losing essential relationships (for example, death of a loved
one) may result in dysphoria [23]. It is important to keep in mind that during war
times, multiple traumatic exposures are the rule rather than the exception; and that
cumulative experiences are associated with greater symptomatology [24, 25].
Exposure to war results in a myriad of behavioral, emotional, and mental problems
in children and adolescents; and the number of conflict-related traumatic occur-
rences is positively correlated with the prevalence of these problems[7]. The sever-
ity of traumatic experience is also a robust predictor of outcome, but other factors
such as children’s individual characteristics as well as elements related to their
environment are also involved [26]. This range of exposure- and child-related
influences entails that there are a number of possible targets for interventions
intended to promote resilience in children [27]. In general, the more common diag-
noses encountered in children exposed to war trauma are Post-Traumatic Stress
Disorder (PTSD), depressive disorders, and anxiety disorders; and these may be
comorbid [28]. A 2009 systematic review by Attanayake et al. of 17 studies
included approximately 8000 children between the ages of 5 and 17 years, who
have been exposed to wars in several regions including Central America, Bosnia,
Cambodia, Rwanda, and the Middle East indicates that PTSD is the main sequel,
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with a prevalence of 47%, followed by depression (43%), and anxiety (27%) [6].
In the middle east, the prevalence of PTSD among children and adolescents in war
zones is approximately 5-8% in Israel; it ranges between 23 and 70% in Palestine
and between 10 and 30% in Iraq. As for Lebanon, litte is know about the preva-
lence of PTSD, althought the country faces major challenges. These numbers are
similar to those in other war-burdened regions, namely 70% in Kuwait following
the Iraqi invasion [29]; 52% in Bosnia-Herzegovina [30], and 50% among
Cambodian children after war trauma [31]. Studies led after the War on Gaza
(2008-2009) showed that more than half of children [32, 33], exhibited clinically
significant post-traumatic stress symptoms, and a third endorsed symptoms of
depression [33].

18.2.3 A complex Interplay of Factors That Perpetuate
Psychological Suffering

Children and adolescents in war-afflicted regions are at risk of physical injury,
torture, and witnessing or participating themselves in combat; they are at subse-
quent risk for several forms of violence including abuse and neglect [34-38].
There are also exposures to community and school-level violence [39] as well as
domestic violence [35, 36]. Caregivers who have themselves endured armed con-
flict are in fact more likely to engage in child neglect and abuse, and there are
higher rates of both child- and caregiver-reported child abuse in caregivers who
suffer mental health illness or stress associated with their experience of armed
conflict [34-36]. Conflict also precludes children from attending school and low-
ers their overall educational achievement [40, 41]. Economic sequelae of war also
influence psychopathology, as rates of anxiety, post-traumatic stress disorder and
depression in children and adolescents are higher in families who have lower
income [42-44], perhaps because those with higher income are able to provide
basic necessities during times of war[42]. Children may also take on adult respon-
sibilities and obligations prematurely; this involves becoming providers for their
families and delivering care for ill or disabled parents [45-47]. During war con-
flicts children may experience, be a witness to, and perpetrate acts of sexual vio-
lence and sexual exploitation [48, 49]. The sequelae of sexual violence are broad
and far-reaching. A recent systematic review has categorized them into physical
aftermaths such as pregnancy, sexual dysfunction, sexually transmitted illnesses,
and traumatic genital injuries; and mental health consequences which include
post-traumatic stress disorder, depression, and anxiety; as well as social outcomes
such as rejection[50]. Conflicts also drive children and families to abandon their
homes and flee within national or across international borders[48]; a journey dur-
ing which they are vulnerable to illness, psychological trauma as well as exploita-
tion and during which they may be separated from their families [51, 52]. Even in
cases of re-settlement in a foreign country; post-migration socioeconomic factors
influence the risk of developing depression, post-traumatic stress disorder, and
anxiety [53].
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18.3 Special Considerations in the Assessment of Children
and Adolescents Exposed to War Trauma.

The assessment of children exposed to war trauma is different from adults. A key
point is that a child’s clinical presentation depends on his or her developmental level
[8], and the reactions to trauma can be most understood from the perspective of the
children’s social, emotional, and cognitive development [54]. For example, younger
children may show regressive behaviors while school-aged children may struggle at
school, and older children or adolescents may engage in substance misuse [55].
Depression may be more common among older children as well [56]. Specific fea-
tures of the stressor and the exposure to it, as well as individual-level factors such as
age, developmental level, gender, previous history of psychiatric illness, and other
larger-scale factors such as family characteristics and social environment all, play a
role in the response to trauma and influence the recovery trajectory of the child/
adolescent [57]. The extent of exposure to acutely dangerous experiences appears to
predict a greater risk for the development of subsequent psychiatric symptoms [22,
58]. A number of children will show non-specific behavioral and emotional symp-
toms, such as new-onset fears; clinging, and over-reliance on caregivers; they may
also exhibit low frustration tolerance, aggressive behaviors, and changes in their
eating patterns [1].

While assessing the sense of safety in children, one should consider the follow-
ing. Infants and very young children rely on their parents or caregivers to estimate
the actual degree of danger while preschoolers start to consciously incorporate the
safety and protection of their parents as well as their own in their representations of
danger [59]. By school age, children begin to grasp the complexity of dangerous
situations and start to visualize self-efficacy as they become more and more involved
in the safety and protection of themselves and others [59]. By mid-adolescence,
they rely on themselves and on peers to evaluate threats and protection [59].

To assess the impact of the traumatic or stressful events, one should assess what
is spoken by the child as much as the behavioral and somatic manifestations, par-
ticularly in young children and in children with limited cognitive and verbal abili-
ties. Magical thinking, confusion, and self-accusation are developmentally related
examples of early childhood thinking and emotional processing after a traumatic
experience [54]. In the very young age group ranging from infancy to 6 years old,
the following are some of the manifestations of distress: fear, increased startling,
seeking attention from caregivers, temper tantrums, crying spells, and sleep inter-
ruptions along with trouble sleeping [1]. These young children are also more prone
to experience somatic symptoms, such as gastrointestinal pains and changes in
bowel movements [1]. They also show alterations in their play, which may change
to more aggressive or on the contrary more inhibited [1]. Play is an important area
of focus, as children tend to reflect on their traumatic experiences in the content of
play; such as re-enacting the trauma, repetitive play, fantasy devoid play as well as
macabre themes in the play. Their play is also less rich in social interactions and
with a predominance of negative affect [60-62]. Young children may exhibit
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sleep-related difficulties such as refusing to sleep alone, instance on sleeping with
their parents; experiencing nightmares, and repeated awakenings[63—67]. On the
other hand, while separation anxiety is a usual normative occurrence in younger
children; it may become apparent in school-aged children as a manifestation of their
distress[1]. In general, boys have more exposure to severe traumatic events than
girls [42, 68]; and though both genders suffer from anxiety and depression symp-
toms; girls report considerably more symptoms of depression than boys [43]. After
exposure to war trauma, adolescents experience elevated levels of intrusion, avoid-
ance, and depression symptoms; with the female gender being a significant risk
factor for depression[44]. What is more, adolescents who have increased exposure
to war events and those who suffer from PTSD as a result, have greater rates of
substance abuse and are more likely to be involved in violence within schools [69].

The following are some of the signs of distress in children exposed to war
trauma across age groups: physical symptoms such as headaches and abdominal
pain with no apparent physical origin; crying spells, sadness, or irritability; dif-
ficulties sustaining attention and focus; fear and anxiety; insomnia or hypersom-
nia; nightmares; recurrent thoughts about the traumatic event or avoiding
discussion the event and avoiding reminders of the event; being distressed by
reminders of the traumatic event; difficulties managing behavior or emotions;
flashbacks; not engaging with others in play or in activities that were enjoyable
and hopelessness [70].

As previously mentioned, signs of distress in children may vary according to age
categories and developmental level. Below are some examples of distress stratified
by age groups [70, 71]:

1. Preschool Children: Preschool children may experience a regression to younger
behaviors which may include bed-wetting, thumb-sucking, and mutism. They
may have unexplained physical symptoms as well as trouble separating from
their parents or caregivers. They may also throw temper tantrums or have aggres-
sive behaviors such as throwing kicking, biting, or hitting. They may be reluctant
to engage in play or engage in a repetitive re-enactment of the traumatic event
during their play.

2. Elementary School Children: These children may experience difficulties with
concentration, memory, and attention, causing them to struggle in school. They
may also have peer problems and aggression toward others. They may present
with new-onset fears such as fear of separation from parents or caregivers and
fear of something bad happening. They may isolate themselves from others; and
may experience anger and irritability as well as feelings of sadness, self-blame,
and guilt.

3. Middle and High school children and Adolescents: This category of children/
adolescents may experience more complex emotions, such as a sense of guilt or
responsibility for bad things that have happened; feelings of shame or embar-
rassment, and helplessness. They may have difficulties in interpersonal relation-
ships with their parents, teachers, friends, and family. They may have changes in
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their perception of the world or experience a loss of faith. Alternatively, they
may have conduct problems or engage in substance use or misuse.

Because children are embedded within families, and because it is the parents
who usually are the closest and most impactful people in a child’s development,
particularly during the early years[72], it is crucial to incorporate parental mental
health in the overall evaluation of a war-affected child. Indeed, children in families
where a parent has suffered from war trauma may experience secondary traumatiza-
tion and may suffer from the repeated use of ineffective coping skills by the dis-
tressed parent, generally the mother [73]. Furthermore, the psychological distress of
parents mediates and moderates the connection between war trauma and develop-
mental consequences in children including behavioral and emotional problems [72].
In particular, parental distress after exposure to war trauma may present a specific
risk for depressive symptoms in the child [74]. In young children, the effect of the
parents’ responses may have an equal or bigger impact than that of the actual trau-
matic experience [75]. Not only is there a correlation between parental and chil-
dren’s psychopathology but the family environment and parental functioning
moderate the relationship between exposure to trauma and outcome for children [1].

18.4 The Interplay Between Direct Physical Injuries, Pain,
and Mental Health

There is a wide array of possible physical harms affecting all organ systems that
may befall children as a result of penetrating injuries, burns, crush injuries, and
blunt trauma [48]. Chronic physical illness places children at a higher risk of behav-
ioral and emotional problems as well as at an increased risk of developing psychiat-
ric disorders [76]. Between a quarter to a third of children who suffer from burns
display some PTSD symptoms [77, 78], they may also suffer from anxiety and
mood symptoms, sleep problems, as well as conduct, learning, and attention prob-
lems [79]. Interestingly, pathways leading to the development of PTSD in children
with burns are mediated by separation anxiety and dissociative responses, with
trauma magnitude being a mediator of both pathways, and pain having an influence
on the development of PTSD indirectly through separation anxiety; thereby high-
lighting the complex and dynamic interaction between pain, family effects and the
development of PTSD [80]. During the acute phase of burn injuries, for example,
children experience a psychological reaction to the trauma of the burn injury itself
and to its subsequent treatment [81]. Anxiety, fear, and pain frequently have compa-
rable symptoms, particularly in younger children who may experience dread, trem-
ulousness, restlessness, muscle tension, tachycardia, dizziness, sweating, dyspnea,
cold hands and feet, excessive worries; nightmares as well as difficulties falling
asleep [81]. Therefore, the child and adolescent psychiatrist, psychologist, or clini-
cian assesses injury severity to plan interventions that can alleviate pain and rein-
force coping strategies to manage the risk of death, disability, and effects on body
image [82]. Later on, in the recovery process, children may show aggression, dis-
ruptive behaviors, mood symptoms, learned helplessness, enuresis and encopresis,
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food refusal as well as sleep and attention difficulties [82]. Some suggested methods
for the psychiatric care of the injured child include pain management, brief consul-
tation, and crisis intervention followed by brief psychotherapeutic techniques [82].
As a first step, explaining and clarifying what is going on and what is going to hap-
pen, as well as giving the children reasonable choices about how a procedure can be
performed boosts their sense of control, and can help diminish their sense of being
a victim. For example, during dressing changes, a child may gain a sense of control
by aiding in the removal of the dressing and will trust this will cause him or her less
distress [83]. Particular attention should be paid to pain. While pharmacological
interventions remain the core of pain treatment, it is important to be mindful of the
large number of psychological factors that accompany pain and that may contribute
to the sensation of pain [83]. These include emotional distress, stressful memories,
anticipatory apprehension about both the treatment of the injury itself and the recov-
ery period, as well as being restricted in a new and possibly frightening hospital
environment. These factors are the target of psychotherapeutic interventions [83,
84]. Specific intervention approaches include cognitive behavioral therapy, hypno-
sis, relaxation training, guided imagery, art, music, and play therapies as well as
biofeedback and distraction therapy [85-88]. In biofeedback, patients learn through
self-regulation to voluntarily control body processes [§9]. Common methods of dis-
traction [81, 90] that help in alleviating pain in burned children are playing, reading
a story, watching television, and listening to music [91]. Other techniques include
biofeedback, massage [92], and even virtual reality [93]. The two principal psycho-
therapeutic methods used to treat an injured child are psychodynamic psychother-
apy and cognitive behavioral therapy, and they are generally used together and
explicitly oriented to the pain [94], the injury itself, coping with surgery, and other
needed medical care, as well as addressing responses to disfigurement or disability
and grieving losses [28]. Cognitive restructuring, management of anxiety, strategies
to cope with anger, and exposure-based interventions are the main features of cogni-
tive behavioral therapy in injured children who suffer from PTSD [95] and in those
with facial deformities [96]. Table 18.2 lists some strategies to help children cope

Table 18.2 Techniques to help children coping with anger

Immediate reaction to anger outbursts from the caregiver
Do not yell Use a neutral tone of voice

Do not Encourage the child, or take him to a quiet place (remove him or her from the
scold heat of the situation)

After the anger outburst

Do not Partner with the child in defining the problem that led to anger

blame Find several alternative solutions

Do not Encourage emotional expression

shame Encourage peaceful conflict resolution

Continuous preventive measures and coping techniques to adopt with the child
Identifying the bodily sensations as signs of emergent anger outburst

Use relaxation techniques (breathing, distraction, humor)

Step out of the “circle of anger”

Promise to get back to problem solving after the anger is tamed
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with anger. Further on in the recovery process, clinicians should be mindful that
burn disfigurement impacts children’s self-confidence, affects their social interac-
tions, and marks their identity [97]. These children are more likely to be bullied
[98]. In adolescents, predictors of positive body image and improved self-esteem
are linked to perceived social support [99]. This applies to all other types of acquired
disabilities.

18.5 Interventions for Recovery from War Trauma Among
Children and Adolescents

Research in the field of the resilience of war-exposed children and their growth
post-trauma has recognized potentially changeable protective processes that may
become the focus of interventions [21, 100]. Once the armed conflict is over; essen-
tial needs such as primary health care, limiting the spread of infectious diseases,
access to clean water, food, shelter, and sanitation must be met; and educational
activities should be started or reinstated as soon as possible [100]. Indeed, a large
number of children may improve when access to water, food, shelter, health care,
and security is restored [71]. Other children and adolescents will need dedicated
support, with particular consideration for the child, family, and group. This psycho-
logical first aid should be delivered by health workers [71]. Lastly, children who
suffer from exceptionally stressful reactions may require focused support for
months; this may encompass counseling by social workers, teachers, and health
care workers as well as broader social and cultural activities with Non-Governmental
Organizations or groups within the community [71]. In general, the principles of
management in line with those of Psychological First Aid include the following: (1)
Creating a sense of safety, (2) instilling calm and lessening physiologic arousal, (3)
reinstating a sense of personal efficacy, (4) re-establishing a sense of connectedness
to others, and (5) imparting hope [101]. For those who will be working on the front
line with traumatized children, it is important to keep in mind that the goal of
Psychological First Aid for children is to provide relief from distress, help their cur-
rent needs, and to foster adaptive functioning, and does not aim to gather details of
painful experiences and loss [71].

18.5.1 Encounter with the Trauma-Affected Child or Adolescent

In general, the evaluation of the child begins with extracting the storyline of the
trauma, preferably from the child himself or herself [28]. Children as young as
ages 2—12 years can remember details of stressful incidents after injury [102].
Throughout the child’s narrative, it is important to be mindful of his or her account
of related memories, thoughts, and feelings, the occurrence of alterations, and
potential recurrent themes [103]. Afterward, in addition to assessing existing
symptoms, it is important to look into the child's developmental history and the
presence of previous psychopathology [28]. This information may be obtained
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from the parent or caretaker whenever possible. Before beginning the assessment
of traumatized child or adolescent, patience is of the utmost importance. The inter-
viewer should not take for granted that children or their parents/caregivers will
respond positively straightaway [71]. The interviewer must remain sensible, sensi-
tive, and attentive and must follow the pace of the child, all the while providing
support for difficult emotions [71]. Accepting that the child may be experiencing
difficult emotions such as anger, guilt and grief is paramount, and this involves
avoiding telling the child or adolescent how he or she should feel, and rather mir-
roring the feelings of sadness; and acknowledging the overwhelming nature of
these emotions [71]. Equally imperative is to offer hope to the child without dis-
missing or minimizing the reality of the situation [71]. Figure 18.1 provides gen-
eral instructions when performing an interview with a child/adolescent following a
traumatic experience. Specifically, the use of active listening helps to reinforce
cooperation and nurtures understanding between the interviewer and the child/ado-
lescent [71]. Active listening is a communication technique based on the work of
psychologist Carl Rogers, which involves providing full attention to the speaker;
and encompasses both verbal and non-verbal communication approaches [104].
There are five elements to active listening: (1)attentive focus, (2) paraphrasing, (3)

Fig. 18.1 General
considerations in the
interview of a child/

adolescent following a

traumatic experience . .
P Have the encounter take place in a discreet

and private location, as much as possible.

Questions should be simple and open-
I:' ended; to help the child/adolescent tell his
or her story in their own way

I:' Speak in an unhurried and gentle manner

Allow for the parents/caregivers to be
present during the interview.

I:' Provide only truthful information.

|:| When in doubt, it is best to clarify that you
are gathering additional information and
that you will deliver it to the child as soon as

you are able to
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encouragement, (4) questioning/clarifying, and (5) summarizing [71]. In attentive
focus, the emphasis is on listening while avoiding interruptions, regardless of what
the child is saying; and on being aware of one’s own body language [71]. In para-
phrasing the interviewer may restate important words spoken by the child/adoles-
cent, and may reprise what was heard in a descriptive rather than an interpretative
way; for example, by using statements such as “I understand what you are saying”;
”Did I understand correctly?”’; and “It sounds like this experience made you feel
scared; is that so? [71]. Depending on the context of the assessment, and the level
of acuity of the situation, the interviewer may be faced with an emotionally over-
whelmed and very distressed child or adolescent. Stabilization of this state of
hypervigilance and hyperarousal may be achieved through the use of some relax-
ation and grounding techniques [71], examples of which are shown in Figure 18.2.
As previously mentioned, it is imperative to involve the parents/caregivers in the
evaluation of traumatized children and adolescents. Priority should be given to
educating the parents/caregivers about the wide range of signs and symptoms and
possible reactions of their child’s distress depending on the child’s age and devel-
opment level [71], keeping in mind that parents are themselves traumatized or at
least heavily affected by the situation which means that they are also in need of
active listening and support.

Promote the attention and the focus on the here and now = have
child look at you and give his or her name; have them notice their
surroundings and name items which may be found in the
immediate environment

Help the child stabilize his/her respiration; by channeling their
awareness on their breathing

Help the child focus on immediate goals; and to keep their
attention on the main tasks at hand in the present moment = if it
is a surgical procedure, the focus should be on how to get through
that event for now

Keep the emphasis on problems that have potential solutions
rather than ones that are out of the child’s control.

Validate negative emotions = this helps the child understand that

feelings such as anxiety, grief and sadness are normal emotions
in response to difficult experiences

Fig. 18.2 Examples of relaxation and grounding techniques
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18.5.2 Evidence-Based Approaches for Treating War-Affected
Children and Adolescents

There is increasing awareness and emphasis on incorporating the mental health and
psychosocial support needs of people who experience humanitarian crises into
humanitarian aid responses [105]. Mental health and psychosocial support pro-
grams are defined as any local or external support that purposes to safeguard or
promote psychosocial well-being [106] or to prevent or treat mental health prob-
lems [107]. This definition is used broadly in the area of humanitarian emergencies
to describe strategies devised to tackle the mental health and psychosocial difficul-
ties of people in disaster and conflict situations [108]. There are numerous chal-
lenges to implementing proper evidence-based interventions in low and
middle-income countries following trauma. These include the paucity of mental
health services, insufficiently qualified clinicians, and barriers to modifying estab-
lished interventions to the needs of contexts that are specific to low and middle-
income countries [109]. The more common mental health and psychosocial support
interventions relate to community-based social support, structured social activities,
providing information and counseling, psychoeducation, and fostering aware-
ness [110].

Randomized trials in conflict-affected areas propose that brief and structured
intervention may improve outcomes in traumatized children and adolescents when
carefully applied [111, 112]. A 2011 meta-analysis that comprised four randomized
controlled trials in children and adolescents who experienced mass traumatic events
showed that school-based interventions did not improve symptoms of post-traumatic
stress disorder per se, but that psychosocial interventions (group interpersonal psy-
chotherapy, group meetings with parents, and school-based interventions) were ben-
eficial for internalizing symptoms (anxiety or depression) [110]. However, there is
much heterogeneity in the literature, and the effects of various programs may depend
on the initial intervention objectives [113], the characteristics of the program itself,
as well as its quality and delivery [107, 114]. The specifics of the target population
also play a role, including the type of trauma exposure, gender, level of social sup-
port, and context-related considerations such as degree of insecurity [115]. It is there-
fore important to identify common practice features of interventions that are
successful at inducing targeted change [114]. It is equally important to describe dif-
ferent effects for dissimilar subgroups of participants [116] with regard to age, gen-
der, socioeconomic level, geographic location, and trauma exposure [117]. A 2017
systematic review evaluated the effectiveness of mental health and psychosocial sup-
port programs in areas affected by humanitarian crises, though these were not limited
to war-ridden areas [107]. The programs were likely to use cognitive behavioral tech-
niques or other psychotherapy modalities including interpersonal grief-focused ther-
apy and narrative exposure and were typically given in school-based environments,
for the longest duration of 3 months [107]. The following evidence emerged:

1. Strong evidence is that the programs reduce functional impairment but have little
impact on anxiety.
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2. Moderate evidence that the programs marginally improve symptoms of post-
traumatic stress disorder conduct problems, and psychological distress; and that
they may have no effect on depression or prosocial behaviors.

3. Moderate evidence that Trauma-focused cognitive behavioral therapy is helpful
in effectively ameliorating post-traumatic stress disorder symptoms as well as
emotional and conduct problems.

4. Moderate evidence is that classroom and school-based interventions do not help
reduce anxiety.

5. Moderate evidence that Narrative Exposure Therapy helps functional impair-
ment but has little effect on post-traumatic stress symptoms.

18.6 Conclusion

War-related consequences are common worldwide and relate not only to the direct
impact of war on the children themselves but also to major societal breakdowns,
leading to consequential psychiatric morbidity [118—121]. War consequences such
as death, injury, illness, disability, child soldiers, sexual violence as well as social
and cultural losses [122] to name a few perpetuate psychological suffering in chil-
dren exposed to war. Post-traumatic stress disorder, depression, and anxiety are
among the most common disorders after traumatic events, including physical inju-
ries; but other problems include sleep and elimination difficulties, conduct, learn-
ing, and attention problems as well as longer terms effects on body image and
self-esteem may become apparent. The clinical presentation of distress in a child is
developmentally dependent and must be grasped from the perspective of the child’s
social, emotional, and cognitive development. The elaboration of clear, consistent,
and effective interventions for managing war-related traumatic experiences can only
be done through a better understanding of conflicts and the multitude of mental
health problems that result from them[123]. It is imperative to keep in mind the
importance of social resources in trauma—particularly the role of family—and their
potential to shield children from the detrimental effects of war, as well as their con-
tribution to the resilience of children [124, 125]. Cognitive behavioral therapy and
trauma-focused cognitive behavioral therapy, remain validated therapeutic
approaches for children and adolescents who suffer from trauma-related symptoms.
The potential for children to recover is inherently related to resilience, which in turn
depends on broader systems of care. Residual symptoms in children who have expe-
rienced war may be considered normal reactions to very abnormal situations; there-
fore there is a need for longer-term follow-up of these children, to better understand
which symptom dimensions remain as psychopathology; and which fade away
when a normal life balance is restored. Lastly, when trauma exposure becomes
chronic and danger is ongoing, strong reactions may become a mechanism for sur-
vival, rather than a manifestation of psychopathology. More research is needed into
what strategies work best to foster resilience in war-exposed children and to help
them overcome, step by step, the difficulties they may face in the long road to
recovery.
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These children without a childhood

Without youth and without joy
Who shivered helplessly

With sorrow and cold

Who defied suffering

And silenced their turmoil

But lived in hope

Are like you and me

Charles Aznavour
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